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ABSTRACT 

We present a survey for optically thick Lyman limit absorbers at z < 2.6 using archival Hubble 
Space Telescope observations with the Faint Object Spectrograph and Space Telescope Imaging Spec- 
trograph. We identify 206 Lyman limit systems (LLSs) increasing the number of catalogued LLSs at 
z < 2.6 by a factor of '^10. We compile a statistical sample of 50 tlls > 2 LLSs drawn from 249 
QSO sight lines that avoid known targeting biases. The incidence of such LLSs per unit redshift, 
l{z) = dn/dz, at these redshifts is well described by a single power law, l{z) oc (1 + z)'^ , with 7 =1.33 
± 0.61 dX z < 2.6, or with 7 = 1.83 ± 0.21 over the redshift range 0.2 < z < 4.9. The incidence of 
LLSs per absorption distance, 1{X), decreases by a factor of ^1.5 over the ^0.6 Gyr from z = 4.9 
to 3.5; 1{X) evolves much more slowly at low redshifts, decreasing by a similar factor over the ~8 
Gyr from z = 2.6 to 0.25. We show that the column density distribution function, f{Nm), at low 
redshift is not well fitted by a single power law index {f{Nm) oc iYnf ) over the column density range 
13 < log A^Hi < 22 or log A'hi > 17.2. While low and high redshift /(A'hi) distributions are consistent 
for log A^Hi > 19.0, there is some evidence that /(./Vhi) evolves with z for log A^hi ^ 17.7, possibly due 
to the evolution of the UV background and galactic feedback. Assuming LLSs are associated with 
individual galaxies, we show that the physical cross section of the optically thick envelopes of galaxies 
decreased by a factor of ~9 from z ~5 to 2 and has remained relatively constant since that time. We 
argue that a significant fraction of the observed population of LLSs arises in the circumgalactic gas 
of sub-L* galaxies. 

Subject headings: Intergactic Medium — Galaxies: Quasars: Absorption lines 



1. INTRODUCTION 

The absorption features seen in the spectra of QSOs 
provide a unique opportunity to probe the intergalactic 
and galactic regions which intersect the lines of sight. 
In particular, H I absorption studies have allowed us to 
examine the distribution of gas associated with galax- 
ies, the intergalactic medium (IGM), and the extended 
gaseous regions of galaxies which serve as an interface 
to the IGM, over the majority of cosmic time. Often 
these H I absorbers are placed in three general cate- 
gories dependent on the H I column density (A^hi) of 
the absorber. The low column density Lyman-a forest 
absorbers (A^hi < 10^^ c m~^) are as sociated with the 
diffuse IGM (see review bv lRauch|[T998: ). These systems 
probe low-density, highly ionized gas and are thought 
to tra ce the dark matter distribution throughout the 
IGM dJ ena et all [^05) as well as contain the bulk o f 
the baryons at high redshift (jMiralda-Escude et al.lll996l) 
and a significant amount of the baryons even today (e.g., 
Penton et aL|[20p: iLehner et al.|[2007t iDanforth fc Shulll 
20081) . At the other end, the high column density damped 
Lyman-a absorbers (DLAs, A'hi > 10^°'^ cm~^) appear 
associated with the main bodies of galaxies (see review 
by Wolfe (2005), ahhough see Rauch et al. (2009)). 
These high-density, predominantly neutral systems serve 
as neutral gas reservoirs f or high redshift star formation 
(IProchaska fc Wolfd[20Q9l) . 

^ Based on observations made with the NASA/ESA Hubble 
Space Telescope, obtained at the Space Telescope Science In- 
stitute, which is operated by the Association of Universities for 
Research in Astronomy, Inc. under NASA contract No. NAS5- 
26555. 



The intermediate column density systems mark the 
transition from the optically thin Lyman-a forest to the 
optically thick absorbers found in and around the ex- 
tended regions of galaxies. Typically these absorbers 
are easy to identify in QSO spectra due to the char- 
acteristic attenuation of QSO flux by the Lyman limit 
at ^912 A in the rest frame. These intermediate col- 
umn density systems are segmented into three additional 
categories. The low column density absorbers (10^^ 
cm~^ < A^Hi < 10^^'^ cm~^) are known as partial Ly- 
man limit systems (PLLSs), the intermediate column 
density absorbers (10^'^-^ cm^^ < A^hi < 10^^ cm~^) 
are known simply as Lyman limit systems (LLSs, iTvtleri 
Il982f) . and the high column density absorbers (10^^ 
cm~^ < A^Hi < lO^'^ '^ cm^^) are known as super Lyman 
limit systems (SLLSs, a.k.a. sub-DLAs: lO'Meara et al.l 
[2007t IPeroux et all l200l IKulkarni et al.f 120071 ) . These 
absorbers are the least well-studied and physically un- 
derstood class of absorbers, especially at 2; < 2.6, i.e. 
over the past ~10 Gyr of cosmic time. The reason for 
that is because at redshifts z < 2.6, the Lyman limit is 
shifted into the UV, requiring the need for space-based 
UV observations to observe the Lyman break in spectra. 

To date, the majority of spectra used in LLS 
surveys have been taken from ground-based obser- 
vations, providing an adequate statistical description 
of the h igh redshift (z > 3.0 ) ab sorbers, most re- 
cently bv IProchaska et aTl (j2010[ ) and iSongaila fc Cowid 
(j2010D . Previous and rec ent surveys that partially 
probe the z < 2. 6 reg ime fTvtlcr 1982; Sargent et alj 
19891: ILanzettal 119911 [sForrie-Lombardi et al . ,1994F 
Stengler-Larrea et al.l |199'5[ ISongaila fc Cowig I2010D 
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have produced samples of tens of LLSs spanning the 
redshift range < z < 4. These surveys studied the 
statistical nature of LLSs, with some conflicting conclu- 
sions as to the evolution of these absorbers over cosmic 
time. A complete understanding of these optically thick 
absorbers is crucial as these systems in part determine 
the strength a nd shape of the ionizing ultraviolet back- 
ground (UVB.IShuh et al .l[l99l iHaa^ dt fc Madaul ll996l: 
iZuo fc Phinnevlll993D . Due to the position of LLS col- 
umn density with respect to Lyman-a forest systems and 
DLAs, a priori it is natural to view LLSs as tracing the 
IGM/galaxy interface. Thus they may provide a po- 
tentially unique probe of material moving in and out of 
galaxies over time. It is for these reasons that the inci- 
dence of optically thick absorbers as a function of redshift 
and the frequency distribution of absorbers as a function 
of A'hi serve as a critical parameter in modern cosmo- 
logical simulations ( Rauch' 1998; Keres et al.ll2005L 120091: 
iKeres fc Hernguistl 2009: Naga mine et al.ll2010D . 

Observations have linked LLSs to the extended regions 
of galaxies, including their gaseous halos, winds, and the 
interactions of these with the IGM (e.g., Simcoe et al.l 
2006; Procha ska et al. 2004, 2006a; Lehner ct al. 2009a; 
Stocke et al.l i2010( ). Simulations have also shown a 



physical connection between LLSs and g alaxies of a 
wide range of masses at z ^2 to 4 (G ardner et al.l 
[2OOIL IKohler fc GnedinI [20071) . In addition, surveys 
of Mg II and C IV absorbers have shown connec- 
tions to extended galactic environments and indicate the 
meta l absorbers trace similar physical regio ns as LLSs 
/e.g..lChen et al.ll200ll |2Q10| : IChurchill et al.ir2 000. 2005; 
ICharlton fc Churchilll [19981 ISteidel fc Sargenti il992i) . 
Mg II absorbers have been studied extensively in opti- 
cal surveys where the absorbers are observed over the 
redshift range 0.3 < z < 2.2 and led the way in 
connecting QS O absorption features with galactic envi- 
ronments fe. g..[TvtleH[l987t[Petitiean fc Bergeron[[1990l: 
[Nestor et al.[ [2005D . ^Due to the nature of the Mg II 
absorption lines, which are strong and easily saturated, 
measurements of the Mg II column density are often im- 
possible. This limits the information available as to their 
origin, metallicity, and physical properties. LLSs pro- 
vide a complementary approach in understanding the gas 
around galaxies and provide a reliable estimate of Nhi 
for tlls < 2.5 (from the Lyman limit) and tlls > 50 
(from the Lyman-a line) absorbers. For example, mea- 
surements of A^Hi allow an examination of the frequency 
distribution with column density, which provides addi- 
tional insight into the evolution of the strength and shape 
of the UVB over cosmic time. 

In this work we analyze the population of LLSs at low 
redshift using a new sample of spectra from archival Hub- 
ble Space Telescope (HST) observations with the Faint 
Object Spectrograph (FOS) and the Space Telescope 
Imaging Spectrograph (STIS). We present the most com- 
plete survey to date of LLSs at z < 2.6. We cata- 
logue 206 LLSs at z < 2.6 and examine a redshift path 
Az = 96 from a statistical sample of 249 QSO spectra 
to search for tlls > 2 LLSs. We compare our results 
with prev ious surveys, including the recent high redshift 
survey of [Prochaska et al"] (|2010( ). probing the evolution 
of LLSs over redshifts < z < 5. We connect the obser- 
vational quantities to physical properties assuming the 
737 ACDM cosmology with = 13.47 Gyr, Hq = 70 



km s ^ Mpc ^, Vt m = 0.3, and ^Ia = 0-7 (consistent 
with WMAP result. [Komatsu et al.[[2009l ). 

This paper is organized as follows. After a brief de- 
scription of the properties of LLSs in § [21 we give an 
overview of the data and the process of assembling the 
survey sample in §[3l In §[4lwe describe the process used 
to identify LLSs and characterize their properties, while 
the analysis of these properties, in particular 1{X) and 
f{Nm)i is given in § [5] We conclude with a discussion 
of the connection between galaxies and LLSs in § [6l and 
a summary of our principal results in § [7| 

2. DESCRIPTION OF LYMAN LIMIT SYSTEMS 

The Lyman limit of neutral hydrogen is located at 
'--^912 A in the rest frame of the absorber. For a back- 
ground source with intrinsic flux -Fqso and observed flux 
-Fobs, the observed optical depth blueward of the limit 
is 



t(A < Alls) = In 



FoBs{^ < Alls) 



(1) 



where Alls is the assigned wavelength of the break in the 
LLS spectrum. The H I column density of the absorber 
can then be related to the optical depth using 



^h/tlls 



(2) 



where tlls is the optical depth at the Lyman limit of 
the absorption system and am = 6.30 x 10~^^ cm^ is 
the approximate absorpti on cross sectio n of a hydrogen 
atom at the Lyman limit (|Spitzeii[l978[ ). 

It should be noted that while we refer to the absorption 
systems in this survey as LLSs, a more accurate descrip- 
tion would be optically thick absorbers. Since we identify 
all systems above a minimum tllSi limit our sensi- 
tivity to accurately measure large H I column densities. 
Strong absorbers depress the absorbed flux so low that it 
cannot be measured. In these cases we have only lower 
limits for the H I column densities. As a result, some of 
the absorbers in the sample are likely DLAs or SLLSs, 
but the lack of coverage of the Lyman-a line prevents us 
from definitively categorizing these absorbers. Also, the 
frequency distribution of DLAs and SLLSs is much lower 
than for standard LLSs, suggesting the strong absorbers 
comprise a small portion of our sample (see § 15. 4p . 

Due to the different selection criteria in past LLS sur- 
veys, we have created two statistical samples of our LLSs. 
The first sample, Rl, defines a LLS as an absorber where 
T-LLS > 1, i-e., Nm > lO^'^'^ cm'^ The majority of the 
surveys done through the 1990s were completed using 
this criterion, although these previous studies were not 
always rigorous about this restriction. The second sam- 
ple, R2, defines a standard LLS as an absorber where 
tlls > 2, i.e., Nm > 10^^-^ cm'^. This second def- 
inition is adopted for comparison with t he recent high 
redshift survey by [Prochaska et al.l pOlOf ). 

Although not directly included in our statistical anal- 
yses, we have identified many PLLSs with tlls < 1, i-e., 
Nm < lO^*"'^ cm~^. These absorbers require a more re- 
fined assessment of their selection, and the present sam- 
ple is incomplete. As a result, we warn against the use 
of such systems from our sample in statistical analyses. 
This incompleteness manifests itself in our analysis of the 
/(TVhi) distribution for LLSs (see 
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Lastly, in dealing with QSO absorption lines, it is com- 
mon to exclude absorbers located within an established 
distance of the background source to eliminate any po- 
tential influence the source may have on the number den- 
sity and ionization state of the systems. We identify these 
proximate-LLSs as absorbers within 3000 km s^^ of the 
background QSO and exclude them from our statistical 
analyses. 

3. THE DATA: FOS AND STIS 

In this work we make use of archival observations 
from both the STIS and FOS instruments on board the 
HST. The STIS sample incorporates data from a vari- 
ety of projects which used the G140L and G230L grat- 
ings. These gratings are capable of a resolving power of 
R^IOOO, and wavelength coverages of 1150 — 1700 A for 
the G140L and 1600 - 3100 A for the G230L. All the 
data were retrieved from the MAST archive and were 
processed with CALSTIS v2.22 prior to retrieval. Data 
for objects observed more than once were combined into 
a single spectrum weighted by the exposure time of the 
individual spectra. For objects observed with both the 
G140L and G230L gratings, these data were combined 
into a single spectrum. Table [T] summarizes the obser- 
vations used in this work, giving the grating used for an 
observation, the total exposure time of the observation, 
and the proposal ID of the observation. Our final anal- 
ysis of LLS statistics requires careful culling of the data 
to minimize biases and some of these observations were 
not included in our final sample; we discuss the criteria 
used to exclude an observation in § 13.11 

The FOS data can be separated into two distinct por- 
tions. First, we use the Bechtold et al. (2002) reduc- 
tions of observations taken with the G130H, G190II, and 
G270H gratings0 We will refer to this subsample as 
FOS-H. Data taken with these gratings have a resolving 
power R'-~^1300, and wavelength coverages of 1140 — 1600 
A for the G130H, 1575 - 2330 A for the G190H, and 
2220 - 3300 A for the G270H. We also make use of FOS 
data using the G160L grating, and we will refer to this 
subsample as FOS-L. These data have a resolving power 
R'~250 and a wavelength coverage of 1140 - 2500 A. We 
treated these data in a manner consistent with the STIS 
data, with multiple exposures combined to form a single 
spectrum. Table [5] lists the observations examined for 
this work, giving the total exposure time of the observa- 
tion as well as the proposal ID. 

For a small number of objects observed with FOS, ob- 
servations were taken with both the low resolution G160L 
grating and a combination of the high resolution grat- 
ings. In these cases, it is possible to detect a shift in the 
wavelength array of the G160L spectra relative to the 
high resolution spectra. For objects where a shift was 
evident, the G160L spectra were shifted in wavelength 
space to align with the high resolution data. There were 
20 objects where a shift in the wavelength array was de- 
tectable, of which the mean shift in spectrum was 4 A. 

The FOS spectra all suffered from background sub- 
traction uncertainties of ~30% (|Keves et al.lll995[) due 
to the crude nature of the background determination 

^ The data are available through 

|http : //llthops . as . arlzona.edu/~j ill/Qua sarSpectra/ 



and lack of scattered light correction in FOS. The error 
vectors produced by CALFOS do not account for this 
background uncertainty. For regions strongly absorbed 
by LLSs, the background uncertainties can dominate the 
error budget. To estimate this uncertainty, we calcu- 
lated the background fiux as the product of the inverse 
sensitivity function and the count rate for each grating. 
Taking ~30% of this quantity allowed us to account for 
the error in the initial background subtraction. 

3.1. Selection of a Statistical Sample of Absorbers 

The initial sample of observations taken from the STIS 
and FOS archives conta ined ~700 QSOs wit h redshifts 
< 2cm < 3 (Tables [1^1 [Bechtold et al.|[2002l ) . However, 
not all of these QSOs can be used for LLS studies because 
the data suffer from a variety of pitfalls (i.e., poor quality 
or lack of coverage of 912 A and below in the QSO rest 
frame) or the selection of the QSO for the STIS or FOS 
observation is biased in favor or against the presence of 
a LLS. 

To construct a sample of QSO sightlines appropriate 
for studying LLS statistics we used the following ap- 
proach. We assigned the redshift of the QSO, Zcm, de- 
termined through emission feature s of th e spectrum, us- 
ing the r esults from[B echtol d et al. | (|2002f) when available 
and the IVeron-Cettv fc VerMr(f2010D QSO database for 
the remaining objects. We removed from our sample all 
QSOs with no coverage below 912 A in the rest frame of 
the QSO or where the quality of the observation was too 
poor to establish an estimate for the continuum flux. We 
also excluded apparent or known broad absorption line 
QSOs from our sample due to the difficulties in studying 
intervening absorbers in their spectra. Next we examined 
the Phase II proposals for each observation to determine 
if any knowledge of the sight line characteristics were 
known prior to the execution of the proposal that may 
represent a bias. For example, QSOs specifically tar- 
geted because International Ultraviolet Explorer (lUE) 
data indicated the QSO was UV-bright may bias our 
sample against LLSs. We identified all such potentially 
biased observations and removed them from our sample. 
There were also 2 gravitationally lensed QSOs for which 
we only included one of the pair in our sample, excluding 
the absorber associated with the lensing galaxy. QSOs 
targeted because of absorption features known from pre- 
vious observations, such as Mg II absorption, DLAs, and 
21 cm absorption represented the most common selec- 
tion bias in the present sample. We did not include any 
LLSs in our statistical sample that were associated with 
previously identified systems toward these QSOs (these 
systems are listed in Table|3]with appropriate bias indica- 
tors). We did however, include the redshift path covered 
by these QSOs and any LLSs that occurred at redshifts 
higher than the targeted absorber redshift. There is a 
concern that including these observations, in particular 
the targeted strong Mg II absorbers, may bias our sample 
against detecting strong H I absorbers along the included 
redshift path. For the majority of the targeted Mg II ob- 
servations, additional absorption systems along the line 
of sight were not accounted for when selecting the QSOs 
for observation (S. Rao, private communication, 2011). 
Because of this, we believe there is no significant bias 
in including the redshift path and non-targeted LLSs of 
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these observations. In §[S]we have examined a subset of 
these observations to show the statistical properties of 
the observations are consistent with the entire statisti- 
cal sample. The remaining 249 objects listed in Table |3] 
comprise our sample. 

3.2. Survey Redshift Path 

To quantify the absorption features found in our sam- 
ple, we must determine the portion of each spectral ob- 
servation that is amenable to a robust search. This 
quantity is referred to as the redshift path of the survey 
and results from translating the observed spectral wave- 
lengths into redshifts. For our survey we calculated two 
redshift paths, corresponding to robust searches for LLSs 
defined as absorbers where tlls > 1 and tlls > 2. For 
these two cases, we require the local continuum flux to ex- 
ceed four times the estimated error array (i.e. S/N > 4) 
and to exceed two and a half times the estimated error ar- 
ray (i.e. S/N > 2.5), respectively. Requiring the S/N of 
the observation to be above this threshold allowed us to 
empirically define an acceptable wavelength range (i.e., 
redshift path) over which we can reliably detect LLSs. 
We also require the survey path to end at the redshift 
Zprox which corresponds to 3000 km s~^ blueward of Zcm- 
The S/N limits for our redshift path definitions were de- 
duced through the analysis of real and simulated spectra; 
these limits correspond to our ability to detect r > 1 or 
2 at the 95% confidence level. The second redshift path 
requirement is an attempt to minimize the effect of the 
QSO and its environment on the analysis of intervening 
absorption systems. We note that for objects in our sam- 
ple, we redefine the quantity Zmax as the lesser value of 
the maximum redshift that satisfies the S/N requirement 
and Zprox- 

In their recent hig h redshift survey (z > 3.5), 
iProchaska et al.l (|2010f ) note several biases that impacted 
their survey due to the presence of PLLSs. Unidenti- 
fied PLLSs in their surveys had two main effects, neither 
of which particularly impacts our survey. In the first, 
unidentified PLLSs in their spectra could cause the lo- 
cal S/N to drop below their threshold criterion. These 
authors calculate the S/N for comparison against their 
selection criterion at the wavelength of the QSO Lyman 
limit and use all of the available path of the observation, 
unless they are able to identify a PLLS that depresses 
the S/N below the threshold at a lower redshift. Thus, 
not identifying a PLLS could cause them to overestimate 
the redshift path appropriate for a given QSO. However, 
we calculate a local S/N at each point in our spectra 
and are able to note which regions of a spectrum are un- 
suitable for use in our survey. Any effect that causes the 
S/N to fall below the threshold would shorten the red- 
shift path, even if it were not id entified as, e.g., a PLLS. 
In the second effect discussed bv IProchaska et aD (|2010l ). 
unidentified PLLSs at redshifts just above a higher opti- 
cal depth absorber caused them to assign a redshift for 
the latter too high by up to Az = 0.1. This had the effect 
of reducing the total redshift path of their survey by a 
sizable amount, since their typical redshift path per QSO 
was only Az ~ 0.2. They estimate this caused overesti- 
mates in l{z) by 30 to 50%. This has a negligible effect on 
our survey for several reasons. First, ~ 90% of the red- 
shifts assigned in our survey come from measurements 
of Lyman-series lines associated with the LLSs rather 
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Fig. 1. — The redshift path surveyed with our samples of txls ^ 
1 (black) and tlls ^ 2 (red) spectra. The function g{z) is the 
number of unique QSOs in our HST sample that probe the redshift 
interval Az = 0.025, at redshift 2, for LLSs. 

than from the break itself. These measurements should 
be unaffected by the aforementioned bias. Furthermore, 
the probability of having two overlapping systems, and 
the resulting impact on the path length calculation, are 
much smaller at the lower redshifts of our survey. Typi- 
cally our redshift path per QSO is a factor of ~4 larger 
than the mean of the Prochaska survey, while the number 
density of absorbers is smaller by a factor of ^4. Even 
based on these considerations alone, the impact would 
be mitigated by more than a factor of 10. Furthermore, 
because the number density of absorbers per unit red- 
shift is significantly lower, the probability of having two 
in close proximity is also lower by a factor of 10. To- 
gether these diminish the impact of this bias to below 
a ^-^1% effect that only impacts the sight lines without 
measurements based on Lyman series lines, i.e., < 10% 
of our sample of LLSs. Altogether, then, these biases 
play little role in our survey. 

Table [3] summarizes the properties of the QSO sight 
lines that meet these selection criteria. For each object, 
we give the emission redshift, Zcm, and the maximum 
and minimum redshifts meeting our redshift path criteria 
for each optical depth regime, Zmax and Zmin, where z^-m 
corresponds to the greater value of the minimum redshift 
that satisfies the S/N requirement and 20 A above the 
minimum wavelength coverage of the observation. We re- 
fer to the QSO sightlines in which we can reliably detect 
a LLS with tlls > 1 as the Rl sample, which contains 
229 QSOs and 61 LLSs, while the objects in which we 
can reliably detect a LLS with tlls > 2 is the R2 sample, 
which contains 249 QSOs and 50 LLSs. 

Figure [T] shows the g{z) distributions, which represents 
the number of QSOs with spectral coverage of AllSj as 
a function of redshift for the Rl and R2 samples. Both 
samples are most sensitive to the detection of LLSs over 
the redshifts 0.8 < z < 1.5. The total integrated redshift 
path, 

Az = y" g{z)dz (3) 

is Az(i?l) = 79 and Az{R2) — 96. Our survey probes a 
factor of > 4 larger re dshift path than pre vious surveys 
at z < 2.6 (Az = 21. lJannuziet al.lllQQSl ). Our survey 
probes a redshift path very similar to t he recent high 
redshift survey of IProchaska et ahl ()2010l ). where Az = 
96 for LLSs at 3.3 < z < 5.0. 
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Fig. 2. — The first five observations of the LLSs listed in Ta- 
ble[4l The vertical, dashed lines represent LLSs included in sample 
R1/R2. The vertical, dashed red lines represent the absorbers that 
were identified but not included in the statistical analysis for var- 
ious reasons (see Table |4] for more information). Spectra for each 
LLS listed in Table [4] can be found in the online version. 

4. IDENTIFYING AND CHARACTERIZING LYMAN LIMIT 
SYSTEMS 

We select LLSs on the basis of their Lyman limit ab- 
sorption (i.e., we do not include absorbers in our sta- 
tistical sample based only on strong line absorption) for 
redshifts where the data satisfied our redshift path cri- 
teria. The entire list of 206 LLSs found while examining 
our unabridged sample is given in TableHl The absorbers 
used in the statistical analysis are designated with Rl or 
R2. There are 61 LLSs in the Rl sample and 50 LLSs 
in the R2 sample. A sample of the spectra for the ob- 
servations can be found in Figure [21 where each QSO 
spectrum is plotted with a vertical dashed line at the lo- 
cation of an established H I absorber. The red dashed 
lines indicate systems which were identified but not in- 
cluded in our statistical analysis. The complete sample 
of LLSs identified in this work are available in the online 
version of Figure [21 

In general, as seen in Figure [21 the break produced by 
a tlls ^ 1 LLS is abrupt enough to be found in even 
low S/N 4) and resolution spectra. However, as we 
discussed above the occasional presence of PLLSs can 
complicate the situation. In particular, assigning the 
continuum flux level redward of the Lyman break can 
become difficult. To minimize the potential error associ- 
ated with this effect, we adopt a two-step process. First 
we use an automated search to identify potential Ly- 
man limits. This automated search was checked by-eye 
and found to highlight absorbers with r > 1 quite well. 
These methods allowed us to identify absorbers where 



r < 1, but we stress the sample of PLLSs detected is not 
complete. Subsequently we use an interactive routine to 
fit the continuum flux, the optical depth of the system, 
and the characteristic continuum recovery blueward of a 
Lyman limit (sec below). While our statistical sample 
contains only LLSs that satisfy our tlls ^ 1 or tlls ^ 2 
criteria, we have attempted to identify every optically 
thick and partially optically thick absorber present in 
our spectra. This is important for accurate continuum 
fitting and provides a sample of PLLSs that we use in the 
analysis of the /(A'hi) distribution presented in 15.41 

We adopted the com posite QSO spectrum developed 
bv lZheng et al\ ((1991 as a general model of the QSO 
continuum. We scaled the continuum to each QSO spec- 
trum over a relatively absorption free wavelength range 
of the spectrum. We found the majority of QSO ob- 
servations were fitted well by this composite. We then 
used a running chi-square tool to identify portions of the 
spectrum where the QSO spectrum deviated from the 
composite. For each pixel in the spectrum, a running 
goodness of fit parameter was calculated comparing 
the fitted continuum with the observed spectrum over 
^30 A13 This largely excluded false identifications due to 
strong absorption lines present throughout the spectrum. 
Spectra not well fitted by this routine were individually 
examined for the possibility of a Lyman break, although 
the number of such spectra is very small. 

Once a spectrum was flagged as containing a possible 
LLS, the spectrum was examined more thoroughly to 
identify the redshift of the break and any Lyman series 
lines present. When possible, the Lyman series lines were 
used to determine the redshift of the absorber. However, 
if the Lyman limit was located near the maximum wave- 
length of the spectrum or the resolution of a spectrum 
was too low to identify individual absorption lines (i.e. 
the majority of FOS-L observations) we used the Lyman 
break to set the redshift. We define the redshift of a LLS 
determined from the break as 



^LLS 



Alls 
912A 



- 1, 



(4) 



where Alls is the wavelength of the observed Lyman 
break. In Table [H we list zlls from our analysis. The 
typical statistical error on the redshift determination 
from the Lyman series lines is az — 0.001 for the FOS- 
H and STIS spectra. The statistical errors on zlls a-re 
larger when using the break, about 0.010 for the FOS-H 
and STIS spectra and 0.014 for the FOS-L spectra. As we 
used two different methods to determine zllSi possible 
systematics may be introduced. We tested this by using 
LLSs for which the redshift could be determined from 
both the Lyman lines and break. We found a systematic 
shift of 0.007 in the redshifts determined from the break 
in the FOS-H and STIS spectra, but not for the FOS- 
L (possibly because the resolution is far cruder). For 
the few redshifts of the LLS determined from the Lyman 
break in the FOS-H and STIS spectra, we systematically 
corrected zlls by the 0.007 shift. 

^ At low redshift the attenuation of the QSO flux blueward of 
912 A (in the rest frame of the QSO) due to intervening Lyman-a 
lines is quite small compared to high redshift. This allowed us to 
model the QSO fiux with the composite spectrum quite well over 
all wavelengths, including regions which probed the lower redshift 
Lyman-a forest. 
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Fig. 3. — The spectrum of J1322+4739 with a composite spectrum overplotted (in red). The Lyman hmit at z = 1.435 (t = 1.27 ±0.04) 
is identified with blue lines. Blueward of the limit, the composite is overplotted again with the characteristic recovery of the flux. The 
Lyman limit at z = 1.078 (r > 2.44) is identified with the dashed black lines. This is a snapshot of the plots produced using our method 
to identify LLSs and characterize their properties. 



Once a redshift is assigned, we measure the optical 
depth at the Lyman hmit for each absorber. We inter- 
actively refined the fit of the composite QSO continuum 
model to each spectrum. We determine the optical depth 
at the limit by comparing the continuum flux, i^Qso i with 
the observed (absorbed) flux, Fqbs , as in Equation [TJ 
For many PLLSs and a few LLSs, the residual flux below 
the limit is sufficient to satisfy our S/N selection crite- 
ria for further LLS searches at z < zlls of the highest 
redshift system. We derive a continuum blueward of the 
highest redshift LLS in a spectrum by modeling the re- 
covery of the flux due to the wavelength dependence of 
the optical depth. The continuum flux in the recovery 
region, Frec, is 



REC 



QSOt 



2aJ JorA < 912A. (5) 

Once FftEC is deflned, we repeat our LLS search for sys- 
tems at redshifts below the initial system after renormal- 
izing our best fit continuum fit according to Equation [Sj 
Figure [3] shows the method of fitting the continuum onto 
a QSO spectrum, identifying a LLS, and modeling the 
recovery of the spectrum blueward of a Lyman limit. 

For absorption systems where the residual absorbed 
flux blueward of the break was determined to the Scr 
level, we report optical depth measurements with accom- 
panying errors. For systems where we could not detect 
the residual absorbed flux to the 3a level, we treat the 
optical depth measurement as a lower limit and report 
the 2(7 lower limit. The optical depth measurements can 
be found in Tabled where iVni is also reported. 

5. STATISTICAL ANALYSIS AND RESULTS 

In this section we present the results of our survey. The 
flrst subsection examines the redshift density of LLSs and 
how the results from sample Rl and R2 compare to past 
studies of LLSs. The following subsections introduce a 
ACDM cosmology to connect the statistical treatment of 
our samples to physical structures throughout the uni- 



verse such as the mean separation of LLSs, the incidence 
of LLSs as a function of absorption distance, and the col- 
umn density distribution function. In each subsection, 
we flrst generalize the analysis, as to make it applicable 
to both of our samples. Following the general treatment, 
the individual samples are explored and discussed when 
appropriate. 

5.1. The Redshift Density of Intervening LLSs 

The redshift density of LLSs, is a statistical 

quantity that is directly related to the QSO observations. 
The standard method for estimating l{z) is to simply cal- 
culate the ratio of the number of LLSs, N, detected in a 
redshift interval to the total survey path, Az (deflned in 
Equation [31) , contained in that redshift interval: 



Az 



(6) 



Figure |3] presents the values of l{z) for both samples, 
Rl and R2. We first estimated Z(z) in redshift intervals 
where the binning was arbitrarily selected to provide ap- 
proximately the same number of LLSs in each interval. 
Table [5] lists the properties of these redshift intervals for 
the Rl and R2 samples. Following previous work (e.g. 
iT^tlcr 1982), we model the redshift evolution in /(z) as 
a power law of the form: 



l{z) — U. 



1 + z 
1 -f z. 



(7) 



This functional form was originally chosen when the 
Einstein-de Sitter models were the preferred cosmologies. 
At the time, evolution in the LLS distribution was found 
if 7 7^ 1 for (7o = or 7 ^ 0.5 for go = 0.5. We use this 
functional form for the historical significance and the use- 
fulness it provides in comparing our results with previous 

* This quantity has often been denoted in the past by a variety 
of symbols including N{z), n[z), and dN/dz. 
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surveys, but we note there is no physical or a priori rea- 
son to expect a particular functional form. However, the 
power law fit does do a reasonable job fitting the l{z) 
distribution. 

Using t he maxim um-likelihood method (e.g. iTvtleri 
[198 2: Sa rgent et al.i .l989). a best-fit estimate for 7, and 
from that can be determined for both samples. For 
the Rl sample (tlls > 1) we find 7 = 1.19 ± 0.56 and 
U = 0.85. For sample R2 (tlls > 2) wc find 7 ^ 1.33 ± 
0.61 and — 0.59. For both samples we adopt — 1.5, 
which corresponds to (z^ls) — 1-5 and can be chosen 
arbitrarily. These best-fit models are overplottcd on the 
l{z) data in Figure S) 



. 1 (Rl) 
■ 2 <R2) 




Fig. 4. — The evolution of the redshift density, l(z). The values 
for l{z) can be found in Table [S] From a maximum-likelihood 
analysis, the best fit power law: l{z) = -|- + 2:*)]'', with 

z, = 1.5, is U = 0.85 and 7 = 1.19 ± 0.56 (for tlls > 1) and I, = 
0.59 and 7 = 1.33 ± 0.61 (for tlls > 2). 

To check if the difference between the observed dis- 
tribution and the adopted power law expression is sta- 
tistically significant, we test the null hypothesis, that 
the observed and predicted cumulative distributions of 
LLSs with redshift are distinct, using a Kolmogorov- 
Smirnov test. The KS test yields a minimum probability 
of P=0.95 that we can reject the null hypothesis, using 
the entire redshift range encompassed by both the low 
and high redshift samples. Thus there is a strong prob- 
ability that we can reject this null hypothesis. 

As mentioned in § 13.11 we examined the potential 
biases associated with including redshift paths toward 
QSOs with targeted strong Mg II absorbers, which con- 
stitute a significant fraction of our statistical sample 
(~ 25%). To empirically test for any bias, we separately 
analyzed the statistical properties of these observations 
and compared their properties with the statistical prop- 
erties of the total sample. From the STIS observations 
of Rao et al. (PID 9382 & 8569), we composed a sam- 
ple of 79 QSO observations. This sample contained 17 
(16) r > 1 (2) LLSs over a redshift path of Az = 22.65 
(28.01), giving l{z) = 0.75 ± 0.20 (0.57 ± 0.14). These 
values are well within la of the l(z) for the full sample 
(0.77±0.11 and 0.52±0.08 for r > 1 and 2, respectively; 
Table [5|) . As a further check, we then separately ana- 
lyzed the remaining 170 QSO observations to compare 
with the statistical properties of the total sample. This 
sample contained 44 (34) t > 1 (2) LLSs over a redshift 
path of Az = 56.57 (68.13), giving l{z) = 0.78 ± 0.13 



(0.49 ±0.09), which again is well within the la values for 
the full sample (Table [5]) . This suggests any biases asso- 
ciated with these observations have a negligible impact 
on our analysis and results. 

Over the past 30 yea rs, the r e ha ve been a va- 
riety of LLS s urvey s (iTvtled 119821: iSargent et al.l 



19891: iLanzettal 119911: iStorrie- Lombar di et al.T 
Stengler-Larrea et al.l 11995: iJan nuzi et al 



Prochaska et all 120101: iSongaila fc: C owic 201 



1994; 



1998 



and, 

as a result, a variety of estimates of l{z). Many of 
these previous surveys examined large redshift intervals 
(typically spanning < 2: < 4) but have largely been 
statistically dominated by high redshift {z > 2.5) LLSs. 
It is due to this inhomegeneity, combined with the lack 
of low redshift LLSs, that there is uncertainty as to the 
true statistical dis tribution of L LSs over the redshift 
range < 2 < 4. Lanzettal (fT99l[ ) was the first to argue 
for a potential break in the evolution of the redshift 
density of LLSs at z ~ 2.5, where he found the low 
redshift {z < 2.5) LLSs showed relatively constant l{z) 
and the high redshift {z > 2.5) LLSs showed a rapidly 
evolving l{z). Howev er, both i Storric-Lomb ardi et al.l 
(fr994) and Stengler-L arrea et al . (1995) argued, based 
on samples spanning the redshift range < z < 4, 
that the l{z) for LLSs is best described as moderately 
evolving over the entire range and fit by a single power 
law in (1 -I- z). Figure [5] presents l{z) values from the 
Rl sample, as well as the l{z) fits from these previous 
surveys (with the parameters listed in Table |6|). These 
previous surveys used a tlls > 1 criterion for inclusion 
in the sample, but it is not clear this was app lied in 
a uniform manner ([Stengler-Larrea et al.l I1995D . Our 
results for l{z) ove r 0.25 < z < 2.6 are consi stent 
with the surveys of [ Sto rrie-Lo mbardi et al.l (|1994[ ) and 
IStengler-Larrea et al.l ()1995). both of which fit l{z) over 
the redshift range < z < 4. 



SongailB and Cowie (2010) 

Stengler-Larrea et al. (1995) 

Storrie-Lombardi et ai. (1994) 

Lanzetta (1991) 

2 - Sargent et al. (1989) 




Fig. 5. — Estimates for the functional form of l{z) from previous 
studies of txls > 1 LLSs plotted on top of our Rl sample. The fits 
are parameterized as power laws with individual parameters listed 
in Table |6] Our results are consistent with the results of Stengler- 
Larrea et al. (1995) and Storrie-Lombardi et al. (1994), studies 
which probed the range < z < A. 



Recently, IProchaska et al.l (j2010D released a survey of 
high redshift LLSs (with tlls > 2) using the SDSS-DR7 
that samples a redshift range (3.5 < z < 4.4) that does 
not overlap our survey redshifts. They find the l{z) for 
high redshift LLSs can be described as rapidly evolv- 
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ing over the range 3.5 < z < 4.4. Our mode l of l{z) 
is inconsistent with the iProchaska et al.l (|20100 survey 
when extrapolated to z > 3, as the Prochaska results 
are inconsistent with ours if extrapolated to z < 2.6. 
It was a similar disagreement se en in the high and low 
redshift samples of the L anzett a| (jl991|) work that led to 
the argument for a break in the power law description of 
l{z) for LLSs. To investigate the possibility and signifi- 
cance of a broken power law fit to the redshift density of 
LLSs, wc combine the recent high redshift sample from 
IProchaska ct al. (2010) with our low redshift sample to 
examine the statistical nature of LLSs from < z < 5. 

We refer to the combined R2 and iProchaska et al.l 
(|2010f) samples as the RPIO sample. This combined sam- 
ple of HST and SDSS observations contains 685 QSOs 
and 206 LLSs with tlls ^ 2. The total redshift path 
probed in RPIO is Az = 172. This redshift path is a 
factor of ^2 grea, t er tha n the recent LLS survey from 
iSongaila fc Cowij ()2010D , which spanned redshifts up to 
z ~ 6. In Figure [6l we present our estimate for l(z) 
over this expanded redshift range. We find l{z) from the 
combined sample can be described by a single power law 
(Equation El) with 7 = 1.83 ± 0.21 and = 1.62, for 
z, — 3.23. Table [7] lists the properties of the l{z) bins 
used for display purposes in Figure H] and the values as- 
sociated with each bin. To confirm the observations are 
well modeled by a single power law, a KS test was applied 
to the cumulative distribution function of observed and 
predicted LLSs (see Figure IH]). The KS test yields a prob- 
ability of at least P — 0.95 that the null hypothesis, the 
observed and predicted distributions represent different 
distributions, can be discarded. Thus the RPIO sam- 
ple su p ports the conclusions of iStorrie-Lombardi et all 
j|1994'), Stcngler-Larrea et al.l (|1995( ). and more recently 
[Spngaila & Cowic (201C|), that a single power law is suf- 
ficient to describe l{z) over < z < 5. 

It should be note d that in the orig i nal an alysis of the 
SDSS-DR7 sample, IProchaska et al.l (|2010[ ) limited the 
redshift path to z < 4.4. This was done because the in- 
clusion of z > 4.4 into their sample appeared to produce 
an artificially low /(z) result for 4.4 < z < 5.0, which they 
argued was unlikely to be physical. We include this ex- 
tra redshift path from their sample, under the reasoning 
that arbitrary binning of the data for display purposes 
can produce artificial departures from a trend that in no 
way affects the statistical analysis of the maximum like- 
lihood method. In our redefined bins, the artificial drop 
apparent at z > 4.4 is no longer present. To insure the 
extra redshift path is not solely responsible for our abil- 
ity to fit the combined sample with a single power law, 
we conducted our analysis on the combined HST /SDSS 
for both situations (zmax £ 4.4 and unrestricted z^ax 
) and found both conditions produce single power law 
fits that are consistent and good describers of the data. 
It is also interesting to note that if z„iax is unrestricted 
for the SDSS sample alone, the best fit curve for the 
high redshift sample is described by 7 = 2.79 ± 1.46 and 

= 1.94. This description of l{z) for the high redshift 
LLSs presents a less convincing argument for the need of 
a break in the power law, because the difference in power 
law indices between low and high redshift is less extreme. 

Our analysis indicates that it is not necessary to in- 
troduce a broken power law to model the statistical evo- 
lution of the redshift density of LLSs over < z < 5. 




1 2 3 4 5 



z 

Fig. 6. — The incidence of LLSs per redshift, l{z), for the com- 
bined SDSS-DR7 and R2 samples (RPIO, r > 2). The single power 
law: l{z) = h[{l + z)/(l -I- with z, = 3.23, is h = 1.62 and 

7 = 1.83 ± O.2I, is plotted with the l{z) values taken from Table[7] 
To check the statistical significance of the single power law, a KS 
test was administered to the sample. The cumulative distribution 
function for the observations overplotted with the predicted dis- 
tribution from our best fit power law can be found in the insert. 
The KS test gives a probability P = 0.95 that we can reject the 
null-hypothesis that the two distributions originate from different 
populations. The dashed and dot-dashed curves are the power law 
fits derived for the low and high redshift samples respectively. 

However, we stress a sample with coverage of the 2.5 < 
z < 3.5 region will be need ed to truly rule out a break 
(|J. O'Meara et ahllin prep.l ). We note that the redshift 
density is really an observational statistic, and the dif- 
ference between a single or broken power law may not 
carry much significance over to the physical quantities 
with which it is related. In § 15. 2[ § 15.31 and § 15.41 we put 
these results into the context of a cosmology and discuss 
the implications for the evolution and nature of LLSs to 
z ~5. 

5.2. The Incidence of LLSs per Absorption Distance 

The number of LLSs per absorption length, 1{X) 
(jBahcah fc Peebleslll969l ). is defined as 

l{X)dX = l{z)dz (8) 

where 

dX = ^^{l + zrdz, (9) 

and 

Hiz)^HoinA + n^{i + zfy^^. (10) 

The quantity 1{X) is defined such that it is constant if 
the product of the comoving number density of structures 
giving rise to LLSs, tills, and the average physical cross 
section of the structure, (TllS: is constant, i.e., 1{X) oc 

'^LLSO'LLS- 

Figure [7] shows the quantity 1{X) plotted as a function 
of fractional lookback time for the RPIO sample (tlls ^ 
2). We see that 1{X) experiences a rapid decrease for 
'-^^0.6 Gyr corresponding to a decrease in redshift from 
z — 4.9 to 3.5. After this rapid drop, 1{X) decreased 
slowly over -8 Gyr, from z = 2.6 to 0.25 (See Table E]). 
The results in Table [7] show that 1{X) fell by a factor 
of ^1.5 over ~0.6 Gyr at high redshift and by another 
factor of 1.5 over ~8 Gyr at low redshift. 
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Figure [7] demonstrates why differing results are found 
regarding the broken (or not) power laws in the statistical 
treatment of the redshift density of LLSs. The dashed red 
line and dotted blue line in the plot are the best fit power 
laws for l{z) (transformed into 1{X) using Equation|S]and 
[9]) for our low redshift s a mple and the high redshift sam- 
ple of iProchaska et alj (|2Q1CI[ ) . The solid black line is 
the best fit power law to the RPIO sample (again trans- 
formed into 1{X) using Equation |8] and [Q]) . The nature 
of power laws makes it difficult to extrapolate a fit based 
on observations in only the low or high redshift regime 
(in the regime where the power law is derived, the fit is 
nearly linear, making it extremely difficult to match ob- 
servations in a regime outside of where it was derived) . It 
is only when the observations are combined that we are 
able to produce a consistent single power law. We have 
mentioned the need for a st udy of the intermediate red - 
shift regime (2.5 < z < 3.5. IJ. O'Meara et aLllin prep.i ). 
which will allow for a more definitive assessment of the 
absorber distribution. 

z 

0.0 0.5 1.0 2.0 4.0 



1.00 7 
0.75 - 
§ 0.50 - 
0.25 - 




0.00 r , ..-:-v'^ 1 
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calculated in § 15.21 It is only an upper limit because we 
have not included the tlls < 2 absorbers that contribute 
to the overall absorption of hydrogen ionizing photons. 
Using 1{X), we can calculate the average proper distance, 
ArLLSi & photon travels before encountering a tlls ^ 2 
LLS (e.g., iProchaska et al.,i2010i) as 

^^^^^ = Wo U + zmxy (11) 

With the RPIO sample we find that ArLLS varies from 
^ 50 — 3700 h^Q Mpc proper distance from z ~5 to 0.3 
(Tabic [71 also note ArLLS was calculated for Rl and R2 
in Table O. In Figure [5] ArLLS is shown as a function of 
redshift (data points and red curve) , along with the mean 
free path of hydrogen ionizing pho t ons (b lack curve) es- 
timated by iFaucher-Giguere et al.l ()2009D (It should be 
no ted that while the calculation of the mean free path 
bv lFaucher-Giguere et al.l ()2009[ ) is dependent on an as- 
sumed H I distribution, their estimated mean free path 
is in agreement with th e mean free path calculation from 
IProchaska et al.l (|2009[) .). The shaded region emphasizes 
the difference between the two curves, which can be as- 
sociated with the contribution from PLLSs and tlls < 2 
LLSs that were not included in this calculation. We note 
the ratio between the distance a photon travels before 
encountering a tlls ^ 2 LLS and the mean free path of 
a hydrogen ionizing photon is increasing with decreas- 
ing redshift. Consider the extreme redshifts of the plot; 
at z ^5, ArLLS is a factor of ~1.5 larger than the pre- 
dicted mean free path, while at z '^0, ArLLS is a factor of 
~3.5 larger than the predicted me an free path. Assuming 
a mea n free path consistent with iFaucher-Giguere et all 
(|2009f l. this suggests that the tlls < 2 hydrogen absorp- 
tion systems have become increasingly more important 
for absorption of Lyman continuum photons as the uni- 
verse has evolved. 



Fig. 7. — The incidence of LLSs per absorption distance, 1{X), 
plotted as a function of fractional look-back time. The values for 
1{X) can be found in Table [T] The solid line is the power law 
result for the maximum-likelihood analysis on the RPIO sample 
(t > 2). The dashed blue line and the dotted red line are the 

Sower law fits from the R2 sample and high redshift sample from 
^rochaska et al. 2010). This figure illustrates the problems that 
arise when attempting to fit the high and low redshift regimes with 
power law fits derived in either the high or low redshift only. 

As previously stated, the behavior in 1{X) is related 
to the comoving number density of LLSs as well as the 
physical size of the absorbers. This rapid decrease in 
1{X) over a short timescale at high redshift indicates ei- 
ther the physical size of LLSs has decreased substantially 
in this time or the comoving number density of LLSs has 
dropped significantly. A moderate decrease in both prop- 
erties could also give rise to this behavior, but as we will 
show in § [6l when we associate LLSs with galaxies we 
find the physical size of LLSs must undergo significant 
evolution from z ^5 to 2. 

5.3. The Mean Proper Separation of LLSs 

The number density of optically thick absorbers 
throughout the Universe determines the mean free path 
of hydrogen ionizing photons, and in turn, sets the shape 
and intensity of the UVB. We can calculate an upper 
limit to this mfp using 1{X) of tlls > 2 absorbers, as 



lO^^F 




1 2 3 4 5 

z 

Fig. 8. — The average proper distance a photon travels before 
encountering a r > 2 LLS, plotted as a function of redshift. The 
data points correspond to values taken from Table [T] with the solid 
red line representing the interpolated functional form for ArLLS- 
We have included in this plot the mean free path of a hydrogen 
ionizing photon (solid black line), taken from the recent work on the 
ionizing background spectrum by Faucher-Giguere et al. (2009). 
The shaded region highlights the diff'erence in the two curves, which 
corresponds to the eff'ect PLLSs and tlls < 2 LLSs (which were 
not included in our RPIO statistical sample) have on the opacity 
of the universe. 
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5.4. The Differential Column Density Distribution 
Function 

In this subsection, we combine our low redshift sam- 
ple with previous works on the low-z {z < 2.6) IGM to 
place constraints on the differential column density dis- 
tribution /(A'hi) over 10 orders of magnitude in A^hi- 
This distribution is defined such that f{Nm, X)dXdN}ii 
is the number of absorption systems with column density 
between iVni and NHi + dNui and redshift path between 
X andX + dX (e.g., iTvtledHOSl . 

rn 

fiN^i)dNnidX - ^-—^dNuidX , (12) 

where m is the observed number of absorption systems 
in a column density range AiVni centered on A^hi and 
EAX is the total absorption distance covered by the 
spectra. The first moment of the distribution is also the 
incidence of absorbers per absorption distance, 1{X) — 

JI^^ f(N)dN. Empirically, it has been shown that at 

low and high redshift, f{NHi) m ay be fitted by a power 
law for various iVni regimes fe.g..lTvtler 119871: iRao et al.l 
[20061 iLehner et al.ll2007l: lO'Meara et alll2007D : 

f{Nm)dNmdX = CmN^fdN^dX . (13) 

The slope, /?, may vary with the considered z or A'hi 
intervals, and, as discussed below and else where (e.g., 
IWolfe et al.l [200l IProchaska fc W olfe' '200^. the func- 
tional form can be more complicated than a single power 
law, especially when the entire observed A'hi range is con- 
sidered. In Figure [HI we show the /(iVni) column density 
distribution at z < 2.6. The data and analyses for differ- 
ent A'hi regimes come from various origins that we detail 
below. In the studies where another cosmology was cho- 
sen t o calculate AX (jLehner et al.l 120071: IWilliger et~all 
[2010h . we have updated the cosmology to that used in 
the present study (see Equation [S]) . At z < 1.65, the 
DLA sample w as selecte d based on known strong Mg II- 
Fe II systems (|Rao et a l. 2006). Their sample consist 
principally of data similar to those presented in this work 
(but rejected from our sample of LLSs because they were 
specifically targeted) with the addition of lUE spectra. 
Owing to t heir selection criteria, the sample has selec- 
tion bias es (IRao et al.l [20061 : IProchaska fc Wolfd [20091 ) . 
although Rao et al.l ([2006 1 argued that they are relatively 
well understood and dealt with (in the DLA regime). 
IRao et all (pOOl found that their DLA (log A^hi > 20.3) 
sample could be fitted with /3 = 1.4 (represented by the 
solid red line in Figure [Hj). The dot-dashed cyan curve 
shows a fit assuming the power law index for the DLA 
at high redshift with = 1.8 ( 20.3 < logA^m < 21.8) 
([Prochaska et al.l l201ff). which seems to provide a rea- 
sonable fit to the DLA measurements for z < 1.65 as 
well. The similar slope of /(A^hi) at both high and low z 
is consistent with a non-evolution of /(A ^hi) for the DLA 
as argued bv IProchaska fc Wolfd ([20Cil . 

At the other end of the A'hi spectrum, logA^Hi ^ 
16— the Lyman-a forest regime, we c onsider two comple- 
mentary samples t hat probe z < 0.5 (ILehner et al.|[2007l) 
and 0.5 < z < 2.0 ("Jan knecht et al.ll2006D . We also com- 
plement the lower reds hift interval wit h the 3C 273 sight- 
line analyzed bv iWilliger et al.l (|2010 D. At z < 0.5, the 
data come from the high resolution STIS E140M echelle 



mode while at higher redshift the data come from STIS 
E230M as weh as VLT/UVES and Keck/HIRES data. 
The H I column densities (and Doppler parameters) were 
derived by fitting the Lyman-a line (and higher Lyman 
series lines if present) thanks to the high resolution of 
these spectra. This method works well for systems with 
logA^ Hi 5, 15.5 if sever al Lyman series lines are used 
(e.g.. ILehner et al.|[2006[ ) or with logA^m < 14 (depend- 
ing on the 6-value) if only the Lyman-a transition is 
used. For the z < 0.5 sample, several Lyman series lines 
were used when possib le. For the higher redshift sample, 
IJanknecht et al.l (|2006D also used different atomic transi- 
tions to constrain the Doppler parameter. We note that 
their sample include a few PLLSs and LLSs, but the 
H I column densities of these systems often have errors 
in excess of 1 dex. We excluded those systems from our 
analysis. Using the maximum-likelihood method, we first 
fitted the two Lyman-a forest samples separately, find- 
ing no difference between these two redshift regimes. We 
therefore combined both samples and fitted them simul- 
taneously. We find /3 = 1.72 ± 0.02 and log Cm = 11.14 
in the log A'hi interval [13.2, 14.5] (which is shown by the 
blue line in Figure [Hj). Changing the upper bound by +2 
dex and the lower bound by -1-0.5 dex gives consistent re- 
sults (within < la). However, changing the lower bound 
by —0.1 dex decreases /? by —0.05 (more than 2a), and 
/3 drops even more if the lower bound decreases further. 
As indicated in Figure [HI there is a turnover in the dis- 
tribution at logA^Hi — 13.2, which is likely due to the 
incompleteness of the sample at these column densities 
While the slope derived for Lyman-a forest is very sim- 
ilar to that predic ted in recent cosmological simulations 
([Dave et al.ll20ldl) . the observations do not indicate an 
evolution of /3 in this redshift regime, as inferred in the 
simulations. 

Finally, the column density distributions of the PLLSs, 
LLSs, and SLLSs (19 < logA'^Hi < 20.3) have so far re- 
mained largely uncategorized at z < 2.6. For the SLLSs, 
■''LLS is far too large to estimate A^hi from the Lyman 
break, but in this regime, the amount of H I is large 
enough that the Lyman-a transition produces damping 
wing from which A^hi can be estimated. In our sample, 
Lyman-a is covered in just 7 sightlines when tlls > 3.5. 
In two of these cases, there is no detection of Lyman- 
a, but the data were obtained from the low resolution 
FOS observations. In the other five cases, Lyman-a is 
observed, but in four of them, the equivalent width im- 
plies column densities around 10^^ cm~^ or less. As the 
spectral resolution of the data is low and line contami- 
nation is likely, we relied on other recent works to con- 
strain /(A^Hi) in the SLLS regime. Specific ally, we use 
the su rveys of O'Meara et al. (2007) and P eroux et al.l 
({2003 ?) ■ which include 16 SLLS at 1.7 < z < 2.6, overlap- 
ping the high redshift portion of our LLS sample and the 

'^ IJanknecht et al.l (12003) typically found /3 ~ 1.60-1.64, but they 
set a completeness for their sample at logA'^jjl = 12.9. Setting the 
lower bound to 12.9 dex, we found /3 = 1.61, a value very similar 
to theirs and substantially smaller than /? = 1.72 ± 0.02. Their 
completeness value was not justified, and based on our analysis a 
lower limit of 13.2 dex appears more appropriate. The signal-to- 
noise in 9 of the 11 sight lines (depending on the wavel ength) indeed 
is not dissimilar from the lower redshift sample, where iLehner et al.l 
120071 ) showed that the completeness was 13.2 dex based on an 
analysis of the column density distribution. 
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Fig. 9. — The differential density distribution (/(A'^hi)) is plotted against logAfui- The data are shown with filled circles or triangles and 
error bars. The triangles indicate that the sample is incomplete at these column densities. The blue, black, violet, and red solid curves are 
maximum-likelihood fits to the Lyman-a forest, LLS, SLLS, and DLA samples. The solid part of these lines shows the A^jjl portion where 
the fit was undertaken , and th e dotted part is the extension in other A'^pjl regimes. The dot-dashed cyan curve is the estimation of /(A^hi) 
at z ^ 3.7 by Prochaska et al.l f2010, the solid black curve in their Figure 14; bear in mind that for 14.5 < logAfjji < 19, /(A^Hl) is quite 
uncertain). The orange long-dashed curve is a model from Corbelli & Bandicra (2002) at low z where /(A^h) is ass umed to follow a single 
power law, but /(A^hi) deviates from a single power law as a result of photoionization by the UV background (see i|5.4l for more details). 

We used the maximum-likelihood method to fit the 
data with a power law distribution in /{Nm) (Equa- 
tion [T3|) . Our first attempt was to fit the LLS and 
SLLS simultaneously, but no adequate fit was found with 
a single slope /3. We, therefore, fitted the LLS and 
SLLS separately. For the SLLS, we find (3 = O.Sto.l 
for 19.1 < logiVni < 20.2 (where the upper and lower 
bounds were allowed to vary by ±0.1 dex to estimate 
the errors). For LLS, we derived {3 w 1.9 ± 0.3 for 
17.2 < logA^Hi < 17.7 (as the A'hi interval spans only 
0.5 dex, changing the upper and lower bounds by ±0.1 
dex led to an unstable fit; we consider this result as ten- 
tative). We note that if we integrate /(A'hi) in the in- 
tervals logA^Hi = [17.3,18.2] and logTVm = [18.2,20.2], 
with the respective /3 functional forms (where we assume 
that each is correct to the point where they intersect at 
^18.2 dex, see FigurelH]), we find 1{X) ^ 0.5, which is not 
too dissimilar from the results presented in Table [5] that 
gives 1{X) ~ 0.3, providing some independent support to 
our results. It is evident that more data are needed in the 
PLLS and the LLS/SLLS regimes to better discern the 



Lyman-a forest samples^ We estimate the total absorp- 
tion path probed for the SLLS searches to be AX ~ 107 
{AX ~ 29 for the Peroux et al. sample, and AX ~ 78 
for the O'Meara et al. sample). The bins for display of 
the data were chosen so there are ~5 systems per bin 
(see Figure ini). For the PLLSs and LLSs, we considered 
our sample of QSO sightlines, where we reject sight lines 
having LLSs with only limits on the optical depth (and 
hence on A'hi)- The main effect of the removal of the 
limits is to increase slightly the normalization of the fit 
by ^0.1 dex. This is too small a difference to have any 
impact on our result and should not impact the power 
law slope. This reduces our sample to 50 systems and a 
total absorption path AX = 156. In Figure [9] we show 
the adopted bins for 16.5 < log A^^hi < 17.8. The first bin 
corresponds to optical depths in the intervals [0.2,0.7], 
i.e. where our sample is incomplete; we treat this bin as 
a lower limit. 



® IPeroux et al.l II2005I ) subsequently produced a second survey of 
SLLS, but their redshift coverage mostly targeted higher redshifts 
with a negligible redshift path at 2 < 2.6. 
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true shape of /(-/Vhi) in these A^hi intervals. However, 
our analysis suggests that there must be an inflection 
point in /(A^hi) in the LLS regime, and, likely, a sec- 
ond inflection point in order to connect the PLLS to the 
Lyman-a forest systems. We note that the /? — 1.7 slope 
distribution fits well the H I systems with iVni ^ 10^^ 
cm^^ (see Figure IH]), so the flattening should likely occur 
between lO^^ and 10^^ cm'^. The logiVm = [17.7,18] 
interval will likely remain largely unconstrained owing to 
the difficulty in measuring A'hi in this reg ime requiring 
either to fit the Lyman series lines (e.g., iLehner et al.l 
[2009a) or to have very high quality S/N data to discern 
the damping wings in the Lyman-a absorption. 

In Figure [9] we also show one of the f(Nm) mo dels in 
the local universe by ICorbelli fc Bandieral (l200l (long- 
dashed orange curve; see their Figure 2 where we ad- 
justed vertically their model to fit the DLA and SLLS 
distributions - the model with /(Nh) oc N^^'^ is shown). 
In their models, they investigated if the flattening of 
f{Nm) between the LLSs and DLAs could be explained 
if /(-/Vh) (H =11 I-l-H II) follows a single power law, 
while /(-/Vhi) can deviate from a single power owing to 
the change of the ionization fraction as function of iVui. 
While the low A^hi systems are not well matched (in 
part because they attempted to fit data based on equiv- 
alent width measurements), the higher column density 
regimes are quite remarkably well reproduced. Other 
models explored the self-shielding effect on the /{Nhi) 
of DL As and LLSs using spherical isothermal ga seous 
halos (IMurakami fc Ik euchilll990l: [Petitiean et "all 119921: 
iZheng fc M iralda-Escudc 2002), which yields a some- 
what similar functional form. Hence photoionization of a 
single power law population in /(A^hi) could be the main 
cause for the complicated shape of the /(A^hi) distribu- 
tion. 

In the higher redshift regime, iPetiti ean etall (fl993h 
also noted that a single /(A^hi) over the entire A'hi regime 
was not statistically adequate, and, in particular, their 
data hinted as well to two fiattenings in the column den- 
sity distribution function, one in the PLLS regime and 
the other one in LLS/SLLS regime that they explained as 
transitions between the H I systems to metal absorbers 
and between the neutral and ionized systems, respec- 
tively. The mos t recent study on /(A^hi) at z ~3.7, by 
iProchaska et al.l (|2010) suggests an even more compli- 
cated /(A^Hi) distribution. We show in Figure [S] their 
f{Nm) distribution over the same range of H I col- 
umn density. We emphasize that while the Lyman- 
a forest (up to logA^ni ^ 14), SLLS, DLA, and to a 
lesser extent LLS distributions are relatively well con- 
strained, the PLLSs and H I interval 14 < logA'ni ^ 16 
are not (see their Figure 14 for the amplitude of possi- 
ble /(A^Hi) in each A^hi region). As already mentioned 
above, there appears to be no evolution in the DLA por- 
tion of / (A^ht) with redsh ift, and a steeper slope than 
found by I Rao et aD ()2006^ seems more appropriate for 
connecting the DLAs and SLLSs at low-z. While a sim- 
ilar flattening is observed in the SLLS regime, in the 
low-z universe /(A^hi) appears (tentatively) even flatter. 
A larger sample of SLLSs will be needed to confirm this 
as other explanations (e.g., an evolving normalization at 
different mean redshift or the presence of another inflec- 
tion point) could account for the observed behavior. 



In the lower A'hi regime, /(A'hi) appears to evolve 
from the high to low-z universe. At logA^ni < 14.5, 
where /(A^hi) is well constrained at both low and high z, 
the slope becomes steeper as z decreases and there is a 
drop in the number of systems with redshift. Without a 
steep decline in the UV background flux (stemming from 
a drop of the number of QSOs at low z), the number 
of systems would be predicted to be much lower at low 
z, suggesting that the changes in the UV background 
may be the dominant rea son for the evo lution of the 
Lyman-a forest (e.g., Theu ns et al.lf20"02b( ). Numerical 
simulations of a cold dark matter universe with a pho- 
toionized background dominated by the QSO light can, 
indeed, reproduce these properties to some extents (e.g., 
iTheuns et alll2002bl: iDave et al.ll2010[ ). but the observed 
evolution rate of [3 is smaller than predicted. Part of the 
discrepancy between the models and observations could 
be due to the models ignoring the galactic contribution 
to the UV background, or more generally to an uncer- 
tainty in the strength and shape of the UV background. 
Large-scale galactic outflows could be thought as another 
uncertainty because (in the regime where log A'hi > 14) 
they likely increase the H I absorbing cross section via 
deposi t of cool gas in the outermost edges of galactic 
halos (|Dave et al.ll2010l) . Cosmological simulations how- 
ever, suggest that galactic feedback has little impact on 
f{Nm) of the Lyman-a forest as they only flll a small 
fraction of the volume, leav ing the IGM fllaments un- 
scathed (jTheuns et al.l 12002a). Hence, the possible dif- 
ferences seen at 14.5 < logiVni < 19 may occur owing 
to the evolution of both the UV background and galac- 
tic feedback. Current and future efforts to provide better 
statistics for the PLLSs and LLSs at both low and high-z 
should provide direct constraints on the UV background 
evolution and cosmological simulations. 

6. LLSS AND THE GASEOUS HALOS OF GALAXIES 

At very low redshift, the connection between LLSs, 
galaxies, and large-scale structures has been examined 
for a small number of individual systems discovered us- 
ing HST and the Far Ultraviolet Spectroscopic Explorer 
(FUSE). These studies have found LLSs associated with 
individual galaxies (0.2L, < L<_3AL*]_at_^m£art_2a- 
rame ters p ^ 30 - 100 kpc (iChen fc Pr ochaska' '20001: 
Jenk ins et all 120031: I Tripp et all 120051: Cookscv et at] 
120081: ILehner et al.ll2009aD . Some lo w redshift LLSs are 
meta l enriched (i.e., Z > 0.3Zr:^. e.g.. IChen fc Prochaskal 
l2000t iPTochaska et al.ll2006bl: ILehner et al.ll2009aD while 
some are relatively met a l-poo r (i.e., Z < O lZp^ 
e.g.. IProchaska fc iSurlel [1991 iCooksev et all [20081: 
iZonak et al.ll2004[ ). The presence of metal-enriched ma- 
terial far from the central star forming regions of galaxies 
suggests some LLSs are sensitive to the nature of feed- 
back in galaxies. The existence of extremely metal-poor 
systems suggests the gas probed by some LLS absorp- 
tion originates outside of galaxies, perhaps tracing IGM 
matter falling onto a galaxy. An example of a LLS trac- 
ing very low metallicity {Z ^ 0.02^©) gas falling onto a 
ne ar solar, 0.3L^, galaxy at z ^ 0.274 will be described 
in lJ. Ribaudo et all (|in prep.[ ). In addition to the obser- 
vational evidence, numerical simulations also predict a 
physical association of LLSs with the gravitational po- 
tential of galaxies. These simulations show LLSs arising 
from infalling streams of intergalactic gas as well as out- 
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flowing gas ejected from galaxies due to stellar feedback 
(Gardner et al. 2001; Dekel & Birnboim 2006; Kohler & 
Gnedin 2007; Keres et al. 2009; Kacprzak et al. 2010, 
Fumagalli et al. 2011, Stewart et al. 2011; but also see. 
Mo & Miralda-Escude 1996; Mailer et al. 2003). 

Based on these observational and theoretical studies, 
LLSs appear to be associated with circumgalactic envi- 
ronments. With this knowledge, we can calculate the 
characteristic sizes of such gaseous galactic envelopes 
using our survey of LLSs and knowledge of the galaxy 
population with which they are associated. We rewrite 
1{X) ot nLLS^LLS as: 



^(-^)lls cx "-galo-gal, 



(14) 



where riQAL is the comoving number density of galaxies 
giving rise to LLS absorption and ctgal is the projected 
physical cross section of galaxies to columns log iVni > 
17.5 (for comparison with R2,RP10 samples). The co- 
moving number density of galaxies at a given redshift is 
calculated from the integration of an observationally con- 
strained galaxy luminosity function. We investigate the 
size of absorbers assuming only galaxies with L > Lmin 

ive r ise to LLS absorption. Thus, following iTvtleri 

1987D . we rewrite Equation [HI as: 



/c7ri?2(L)$(i)di, 



(15) 



where fcT^E?{L) is the cross section for absorption, 
CGAL, with a covering factor fc and <^{L)dL = 
$H<(L/L*)" exp(— L/LH<)ci(L/LH,) is the assumed f orm of 
the galaxy luminosity function (jSchechteii I1976D . The 
comoving number density of galaxies that contribute to 
the LLS population is determined by our choice of imin, 
and we use all galaxies with L > Lmin in this estima- 
tion of the mean ctgal- We note that several previous 
treatments of the gaseous halos around galaxies have al- 
lowed for a Holmberg-like scaling of the physical extent 
of the gas with R{L) = R^{L/ L^Y^ , where /J, is the pro- 
jected radial e xtent of the a bsorbing gas associated with 
an galaxy (jTvtled[l987[ ). Numerous galaxy-absorber 
studies have shown if the radial extent of galaxies is al- 
lowed to scale with luminosity, R{L) serves as the ef- 
fective cutoff for obs erved absorption out t o that pro- 
jected distance (i.e., Kacprzak et al.l l2010t iChen et al.l 



l2010HKacprzak et al.lbooa IChen et all 120011 ). However, 
we are considering the physical extent of absorbing gas 
averaged over all galaxy types and sizes, with our only 
selection criterion being L > Lmin, and over a very wide 
range in redshift. Over time, the galaxies giving rise to 
LLSs may be best described with an evolving but as 
we are generalizing our analysis to the size of the gaseous 
envelope around a "mean" galaxy, averaged over all mor- 
phologies, star formation properties, sizes, etc., we adobt 
(3l = 0.0. Our results therefore describe the mean extent 
of circumgalactic gas about galaxies L > Lmin- 

Equation[T2]can be solved using the incomplete F func- 
tion, giving the statistical absorption radius of a galaxy 



Rs = fc"R 



F 2/3l 



in 



-0.5 



(16) 

The radius Rs is therefore the mean radial extent of 
gas about an average host galaxy scaled by /°'^, while 



7ri?^ = Ctgal is the projected area of such a galaxy for 
which logiVni > 17.5 for a given choice of Lmin. We 
plot Rs in Figure [10] as a function of the assumed Lmin 
in the left panel and redshift in the right panel. In the 
left panel, the shaded regions correspond to different lu- 
minosity function parameters, which are appropriate for 
the redshift ranges given in the legend. The luminosity 
function parameters are observationally determined and 
restricted to the redshift range probed by each survey. 
The right panel shows the statistical absorption radius 
as a function of redshift for three snapshots of imin- The 
width of the shaded regions is determined from the red- 
shift range of the survey used to calculate the luminosity 
function. The height of each region spans the Rs value 
predicted for the range in redshift. The rec ent study of 
Mg II absorbers and galaxies at z < 0.5 by iChen et al.l 
(|2010f l found fc = 0.70 for the strongest Mg II absorbers 
out to i?* = 75 kpc (with (3^ = 0.35). The introduc- 
tion of a non-unity covering factor will thus increase the 
values for R by ^10-30% compared with Rs- 

From Figure llOi we can draw several inferences about 
the evolution and properties of the galactic environments 
giving rise to LLS absorption, albeit with some limita- 
tions. We are describing the mean extent of r > 2 H I gas 
with no assumptions about which galaxies give rise to the 
absorption. The evolution in Rs does not track the evo- 
lution of individual galaxies, only the mean galaxy with 
L > imin for each z. Any change in the physical cross 
section for the mean galaxy at each redshift does not im- 
ply individual galaxies are evolving on that timescale, as 
it is likely the case the galaxies giving rise to LLSs at 
z ^ 5 are not the same galaxies giving rise to LLSs at 
z ^ I. With these limitations in mind, several inferences 
can be drawn from this approach. 

The L > galaxies alone cannot account for the ob- 
served population of LLSs, because Rs would be incon- 
sistent with previous galaxy-absorber observations, espe- 
cially at z > 2 where the sizes implied fo r LLSs would 
be qu ite large compared with observations (iSteide l et al.l 
l2010f l. Extending the integration of Equation [TSl to sub- 
L* galaxies produces Rs values more consistent with 
the impact parameters found independently by other 
studies (e.g. iBouche et al.l l2007t [Kacprzak et~aLl [20101: 
IChen et al.li2oToir It is not clear how small L^nin should 
be before we can account for the entire population of 
LLSs, but Figure [TOj highlights the importance and need 
for deep observations of QSO fields to confidently re- 
late absorbers to specific galaxies. This conclusion is 
not surprising as Mg II studies and individual LLS ob- 
servations show sub-I/» (0.25 < L/L^ < 0.76) galax- 
ies contribute to the population of optically thick ab 
sorbers (e.g. [S.t cidcl et al. 2010; Kacprzak et al. 201 



Chen et al.f [20IOI : ILehner et al.l I2009al : IKacprzak et aL 
2008( 1. However, our analysis suggests the less luminous 



galaxy population may be the dominant source of LLSs. 
A similar scenario has been suggested for Mg II absorbers 
over t he redshifts 0.37 < z < 0.82, where iCaler et al.l 
(2010) find evidence that at least 70-75% of the Mg II 
absorber host galaxies are fainter than 0.56^,^. 

Figure [101 also highlights a significant evolution in the 
physical cross section of the mean absorbing galaxy as a 
function of redshift. For Lj^in ^ O.IL*, Rs decreases by 
a factor of ~3 from z to 2, but remains relatively con- 
stant from z ~2 to 0.3. This is remarkable as it suggests 
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Fig. 10. — The left panel shows the statistical absorption distance jfr' ^ R) plotted against L^nin/Lt, where Lniin is the assumed 
minimum luminosity for a galaxy to give rise to LLS absorption (see Equation [T6]l . The shaded areas represent the absorption distance for 
specific rcdshift ranges, each with different luminosity function parameters. The orange region corresponds to the average a and values 
determined by Faber ct al. (2007) using DEEP2 over the redshift range 0.3 ^ z < 1.1. The red and blue regions correspond to the analysis 
of Reddv & Stcidcl (2009) over the rcdshift range 1.9 z < 2.7 and 2.7 < z < 3.4, respectively. Lastly, the green and yellow regions 
correspond to the analysis of van dcr Burg ct al. (2010) using the CFHT Legacy Survey Deep fields at redshifts z ~ 3.8 and z ~ 4.8. The 
right panel shows the evolution of the statistical absorption distance as a function of redshift. The colored shaded regions correspond to 
a minimum luminosity cut designated in the left panel with the dashed lines. The width of the regions corresponds to the redshift range 
probed by the particular survey used to calculate the galaxy luminosity function and the height of the regions correspond to the range in 
Rs seen as we vary the redshift over the acceptable range. Note the evolution in the physical size of absorbers in the right panel does not 
imply single galaxies are evolving on the same timescale. Rather, the right panel implies the physical size of the gaseous envelope of a 
mean galaxy at a specific redshift undergoes significant evolution over cosmic time. 



the physical cross section of the gaseous envelopes of a 
mean galaxy has decreased significantly over a very short 
epoch, but for the majority of cosmic time the physical 
extent of gas about a mean galaxy has been fairly con- 
stant. This relatively constant natu re of absorption cros s 
section at low-z was also noted bv iNestor et al.l ()2005[ ). 
who found evidence for little evolution in the physical 
size of Mg II absorbers as a function of redshift over 
0.3 < z < 1.2 (for 0.001 < Lmi„/i* < 0.25). 

Changes in physical cross section can be brought on by 
evolution in the typical covering factor as well as typical 
radial extent. However, changes in fc alone likely cannot 
be responsible for the large drop in the physical cross sec- 
tion of the mean galaxy given the typical values observed 
at low redshift. While a change in the typical radial ex- 
tent, R, is a likely cause, other factors could influence 
our perception of the cross section for the mean galaxy 
at a given redshift. Evolution in the power law index, 
associated with changes in the relative fraction of high 
versus low luminosity galaxies giving rise to LLSs could 
alter the mean cross section calculated here. For exam- 
ple, if at high redshifts (z ^ 5) the majority of LLSs arise 
in the circumgalactic gas of relatively high mass, bright 
galaxies, but at low redshifts {z ^ 0.3 — 1) the majority 
of LLSs arise in the environments of low mass, relatively 
low luminosity galaxies, we would expect an evolution in 
the mean physical cross section of LLS absorption simi- 



lar to what is shown in Figure 1101 An evolution in imin 
with redshift would have an affect similar to an evolving 

As we alluded to above, there are two commonly in- 
voked scenarios for producing circumgalactic gas at such 
large distances from the central regions of galaxies. In 
the first, galactic-scale outflows drive gas to large ra- 
dial distances from the main b ody of a galaxy providing 
for Mg II and LLS absorption (iBouche et ah 2006 ). Evi- 
dence for this has been presented bv lBouche et alJ |2007), 
who found starburst galaxies within 50 kpc for ~ 70% 
of a s ample of strong Mg II absorbers. iProchter et al.l 
(|2006f) have also argued the importance of outflows to 
Mg II selected systems based on the similarity in the 
evolution in the redshift incidence of strong Mg II ab- 
sorbers and the star formation rate density of the Uni- 
verse for z < 2. Combined with constraints on the 
size of the galaxies giving rise to the Mg II absorption, 
this suggests such systems are produced through feed- 
back processes in low mass galactic halos. In addition, 
other recent works have connected Mg II select ed ab- 
sorbe rs to galactic ou tflows at z ^ 0.7 (Ncstor ~et alJ 
[20T0[ ), 0.5 < z < lA (iMenard k Chelouch&.2009i ). and 
2 < z < 3 (ISteidel et al.ll2010n . 

The second scenario assumes much of the circum- 
galactic material traced by LLSs is intergalactic gas be- 
ing accreted onto the galaxies. To maintain the low 
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apparent ionization condi tions of LLSs (|Lehner et aLl 
l2009aHCooksev et aL|[2008l) . the gas should not be shock 
heated as it is accreted. Such low-ionization gas falls 
under the phenom enon of cold mode accretion (CMA) 
(jKeres et alJ l2005| ) predicted to be directed along the 
filamentary structure of the Universe, allowing galax- 
ies to draw gas from large distances. CMA can ac- 
count for the observational properties of galaxies incon- 
sistent with the traditional shock-heated accretion mod- 
els, such as the color bimodality of galaxies and the de- 
cline of t he cosmic star formation rate at low redshifts 
(iKeres et a l. 2005; Dck ej_&: BirnboimI 120061: IDekel et all 
l2009aHbl : iKeres et al. ,20091 ). Support for CMA has been 
suggested in recent studies of Mg II absorbers where no 
correlation between the Mg II absorption strength and 
galaxy color was found, indicating the origin of the ab- 
sorbers is not tied to the star form a tion history of the 
associated galaxy (jChen et al.ll2010[ ). iChen et al.l ()2010l ) 
conclude Mg II absorbers (and LLSs as an extension) are 
a generic feature of galaxy environments and that the 
gas probed by Mg II absorption is likely intergalactic in 
origin. There is more direct observational evidence to 
support this origin f or some LLSs. The nearly primor- 
dial LLS detected bv lJ. Ribaudo et aD (|in prep.f ) within 
40 kpc of a near solar galaxy is similar in ionization state 
a nd metallicity to the lo w-m etallicity absorbers reported 
in lCooksev etall (|2008l ) and iZonak etall (f200l . 

While outflows and infall must play an important 
role in the composition and maintenance of circum- 
galactic environments, observations of a few systems 
suggest gas ejected to large distances during galaxy 
mergers and tidal interactions could als o be responsi- 
ble for some of the observ ed LLSs (e.g., iJenkins et al.l 
120031: iLehner et all l2009a[ ). Other studies have sug- 
gested the high velocity clouds (HVCs) seen about the 
Milky Way may be analogs for the higher redshift LLSs 
or M g II systems (ICharlton et al.l l2000t iRichter et all 
12001 iStocke et al.ll2010[ ). In the Milkv Way and the 
nearby Magellanic Clouds, the HVCs probe outflows re- 
lated to gal actic founta ins and win ds (Kccncv ct al. 200^ 
Zech et al.l \200A iLehner fc Howki l2007t ILehner et ail 
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2009^, the infall of low-metallicity gas (e 
20011: IWakker et al.l l200l iThom et al.ll200"8[) . and the 

tidal debris stripped from the Magellanic Clouds (and 
others) as t hey interact with ea ch other and the Milky 
Way (e.g., iPutman et all l2003| ) . Thus, these poten- 
tial LLS analogs have a wide range of origins, although 
many of the Milky Way HVCs tend to reside at much 
smaller impact par ameters than suggested for the LLSs 
(p < 10 - 20 kpc ILehner fc Howki 120101: IWakker et all 
120081: IThom et al.ll2008D . On the other hand tidal rem- 
nants from galactic interactions or gas outflows from its 
satellites are about 50-100 kpc from the Milky Way. 
These local analogs underline the complex task in defin- 
ing what kind of phenomena the LLSs trace and if one 
dominates over the others. 

Discriminating between these scenarios using only the 
correlations of redshifts and equivalent widths of the 
Mg II lines with other parameters has been difficult. The 
availability of H I column density information for a large 
number of LLSs offers a path to studying the metallici- 
ties of the LLSs/Mg II systems at low redshifts. Further 
studies specifically targeting the galactic environments of 
LLSs, where the metallicities of the LLSs and the galaxies 



can be compared, will be critical to further characterize 
the nature of the absorbers and the role these systems 
play in the movement of gas into and out of the ha- 
los of galaxies. With metallicity playing a fundamental 
role in discriminating between these two scenarios (e.g., 
iFumagalli et al.l[2011t ) , absorbers will need to be selected 
based on H I absorption to provide a comprehensive pic- 
ture of the nature and orgin of circumgalactic gas. 

7. SUMMARY AND CONCLUDING REMARKS 

Using FOS and STIS HST archival observations, we 
have compiled the largest sample of QSOs to date with 
coverage of the Lyman limit over the redshift range 
0.24 < z < 2.59. We have used these observations to 
study the population of LLSs over these redshifts. In 
considering candidates for our Rl (R2) sample, we in- 
cluded only the data from objects where the spectral 
quality was judged to be sufficient to reliably detect a 
LLS with TLLS > 1 (tlls > 2). The sample Rl (R2) 
contains 229 (249) QSOs, covering a total redshift path 
of Az = 79 (96) and a total of 61 (50) LLSs. This marks 
a factor of ~ 3 — 4 increase in the number of LLSs and 
redshift path sampled over the most up-to-date work by 
iStengler-Larrea et al.l ((1995) and lJannuzi et al.l (|1998D in 
this redshift regime. In addition to our statistical sample, 
we have catalogued 206 low redshift LLSs from the FOS 
and STIS archives, which increases the sample of LLSs 
by a factor of ^^10 for the z < 2.6 sample. The robust- 
ness of our samples allowed us to examine the evolution 
of LLSs over 0.24 < z < 2.59 for the Rl and R2 sam- 
ples and from 0.2 < z < 5.0 for the RPIO sample that 
combines our R2 samp le with the high redshift sample of 
iProchaska et al.l (|2010( ). Our main results are as follows: 

1. We find the redshift density to be well fitted by the 
power law l{z) cx (1 -I- z)'^ (Equation [7]) . We find 
for sample Rl (R2) 7 = 1.19 ± 0.56 (1.33 ± 0.61). 
For the RPIO sample at 2; < 5, l(z) is well modeled 
by a single power law with 7 = 1.83 ± 0.21 (for 

TLLS > 2). 

2. Assuming a standard ACDM cosmology with our 
RPIO sample, we find 1{X), which is proportional 
to the product of the comoving number density of 
absorbers, tills j a-nd the average physical size of 
an absorber, ctllSi decreases by a factor 1.5 from 
z ~5 to 3. The evolution of 1{X) at z < 2.6 has 
slowed considerably, decreasing by a similar fac- 
tor for z ^2.6 to 0.25. This indicates the environ- 
ments which give rise to LLSs experienced dramatic 
changes in the first ^2 Gyr after z '^5, then more 
slowly evolved over the following ^8 Gyr. 

3. We calculate the average proper distance, ArLLS, 
a photon travels before encountering a tlls > 2 
LLS and compare this result with the predicted 
mean free path of hydrogen ionizing photons. The 
ratio of ArLLS and the mean free path from z '^5 
to suggests the tlls < 2 absorption systems have 
become increasingly more important for absorption 
of Lyman continuum photons as the Universe has 
evolved. 

4. We model the column density distribution function, 
/(A^Hi), for the various A'^hi regimes at z < 2.6 
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using a functional form /(-/Vhi) oc N^^f . We 
show that a single power law cannot fit the en- 
tire observed Nm regime. Instead several slopes 
are needed. For the LLSs, we derive /3 '-.^1.9. 
The functional form in the Lyman-a forest regime 
(/3 = 1.72 ±0.02) and in the SLLS regime (/3 -0.8) 
suggests the distribution has two inflection points. 
For the DLA regime, /3 ~1.8 seems appropri- 
ate for connecting /(iVni) between the DLAs and 
SLLSs. Simple models assuming a single power law 
in /(A'h) with absorbers photoionized by the UV 
background reproduce the /(iVui) distribution re- 
markably well. 



We observe little redshift evolution in /(iVni) for 
the SLLSs and DLAs from high (z —3.7) to low 
{z < 2.6) redshifts. However, there is evidence 
that /(iVni) evolves from high to low redshift at 
logTVni ^ 17.7, which coincides with the strong 
evolution seen in the UV background and star- 
formation rates of galaxies over similar redshifts. 



Assuming LLSs arise in circumgalactic gas, we find 
the physical cross section of the mean galaxy at 
each redshift to LLS absorption decreased by a fac- 
tor of —9 from z —5 to 2 and subsequently stayed 
relatively constant. We argue sub-L^, galaxies must 
contribute significantly to the absorber population. 
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G230L 


5236 


9382 


J0139+0619 


01 


39 


55, 


,780 


+06 19 22.89 


G230L 


8073 


9894 


J0139+0619 


01 


39 


55, 


,780 


+06 19 22.89 


G140L 


13819 


9894 


J0141-0024 


01 


41 


23, 


,010 


-00 24 21.68 


G230L 


2150 


9051 


J0145-3520 


01 


45 


50, 


,610 


-35 20 50.05 


G230L 


900 


9507 


J0152+0023 


01 


52 


49, 


,687 


+00 23 14.78 


G230L 


5260 


9382 


J0153+0052 


01 


53 


09, 


,041 


+00 52 50.38 


G230L 


5236 


9382 


J0153+0009 


01 


53 


18, 


,101 


+00 09 11.63 


G230L 


2379 


9382 


J0157-0048 


01 


57 


33, 


,826 


-00 48 24.26 


G230L 


5260 


9382 


J0157-0106 


01 


57 


41, 


,563 


-01 06 29.59 


G140L 


600 


9067 


J0208-0503 


02 


08 


02, 


,990 


-05 03 00.01 


G230L 


2150 


9051 


J0210-0152 


02 


10 


39, 


,840 


-01 52 13.53 


G230L 


2190 


9051 


J0232+3423 


02 


32 


28, 


,980 


+34 23 46.57 


G230L 


2372 


8569 


J0240-1851 


02 


40 


32, 


,560 


-18 51 51.26 


G140L 


720 


9506 


J0241-1514 


02 


41 


56, 


,500 


-15 14 42.04 


G230L 


2304 


8569 


J0244-2904 


02 


44 


49, 


,110 


-29 04 48.10 


G140L 


2338 


8287 


J0253+0107 


02 


53 


16, 


,464 


+01 07 59.77 


G230L 


8141 


9382 


J0253-5441 


02 


53 


29, 


,190 


-54 41 51.13 


G230L 


900 


9507 


J0256+0110 


02 


56 


07, 


,250 


+01 10 37.92 


G230L 


5240 


9382 


J0256-3315 


02 


56 


47, 


,840 


-33 15 26.15 


G140L 


2412 


8569 


J0304-0008 


03 


04 


49, 


,820 


-00 08 13.60 


G230L 


4774 


7272 


J0304-0008 


03 


04 


49, 


,820 


-00 08 13.60 


G140L 


23282 


7575 


J0308-3250 


03 


08 


23, 


,480 


-32 50 10.19 


G140L 


720 


9506 


J0311-6039 


03 


11 


06, 


,880 


-60 39 03.40 


G140L 


2520 


8287 


J0318-2012 


03 


18 


25, 


,200 


-20 12 19.49 


G230L 


5016 


8569 


J0329-2357 


03 


29 


54, 


,070 


-23 57 09.17 


G230L 


4798 


8225 


J0349-5344 


03 


49 


28, 


,500 


-53 44 47.68 


G140L 


1498 


9858 


J0354-2724 


03 


54 


05, 


,570 


-27 24 20.15 


G230L 


2376 


8569 


J0355-5451 


03 


55 


13, 


,340 


-54 51 57.19 


G230L 


720 


9507 


J0411-4956 


04 


11 


00, 


,840 


-49 56 56.38 


G230L 


900 


9507 


J0416-2056 


04 


16 


04, 


,340 


-20 56 27.37 


G230L 


5053 


8225 


J0423-0120 


04 


23 


15, 


,760 


-01 20 34.06 


G230L 


2304 


8569 


J0436-5258 


04 


36 


50, 


,790 


-52 58 48.58 


G140L 


856 


9506 


J0438-2608 


04 


38 


10, 


,210 


-26 08 38.22 


G230L 


720 


9507 


J0439-2422 


04 


39 


09, 


,320 


-24 22 08.41 


G230L 


2206 


8225 


J0439-5311 


04 


39 


38, 


,661 


-53 11 32.00 


G140L 


720 


9506 


J0439-4540 


04 


39 


44, 


,810 


-45 40 42.12 


G230L 


7126 


9894 


J0439-4540 


04 


39 


44, 


,810 


-45 40 42.12 


G140L 


11390 


9894 


J0440-5248 


04 


40 


11, 


,940 


-52 48 18.29 


G140L 


720 


9506 


J0441-4313 


04 


41 


17, 


,280 


-43 13 43.82 


G140L 


2510 


9382 


J0443-2820 


04 


43 


20, 


,760 


-28 20 52.33 


G230L 


900 


9507 


J0448+0950 


04 


48 


21, 


,680 


+09 50 52.31 


G230L 


4958 


8569 


J0452-1640 


04 


52 


14, 


,229 


-16 40 16.76 


G230L 


2304 


8569 



HST Study of LLSs 

TABLE 1 — Continued 



Object 


R.A. 


(J2000) 


DEC. (J2000) 


Grating 


Exp. (s) 


Id 


TO/I c;o ooni 
JU40Z— zZUl 


04 


52 


44, 


,769 


-22 01 20.09 




OOAO 

ZZUZ 


Qooc; 
oZZo 


TH/I c; Q 1 one; 
JU40O— ioUt) 


04 


53 


13, 


,480 


-13 05 55.84 




OQ A/1 
ZoU4 


oooy 


JU0U4— zy44 


05 


04 


19, 


,010 


-29 44 39.15 




VOA 

( ZU 


yoUD 


JU0U4— zy44 


05 


04 


19, 


,019 


-29 44 39.11 




AAA 

yuu 


you ( 


Tncno QOQO 

JUuUy— ozoz 


05 


09 


17, 


,701 


-32 32 44.97 




Zi44 


youD 


JU0i4— oozD 


05 


14 


10, 


,783 


-33 26 22.50 




IDOOO 


yiDo 


ju / oz-|-Dioy 


07 


32 


18, 


,571 


+61 


59 


05.43 


c* 1 Am 


/ ZU 


yoUD 


Jul oy+<5i4D 


07 


39 


03, 


,389 


+81 


46 


01.66 




Z 1 ZD 


csoDy 


JU ( 44+ozUo 


07 


44 


17, 


,360 


+32 


08 


05.01 




ZiOD 


OAC; 1 

yuoi 


Tnv/i n 1 A 1 c;o 
JU ( 4y+4l0Z 


07 


49 


27, 


,907 


+41 


52 


42.39 




oUU 


yuo 1 


JU ( 0o+4ZJi 


07 


53 


03, 


,342 


+42 


31 


30.76 




fiAA 
DUU 


OAA'7' 

yuu t 


JUoUU+44v5o 


08 


00 


06, 


,324 


+44 


35 


55.64 


(~*^ A nT 


^^ AA 
DUU 


OAAV 

yuu 1 


JUoUU+v5U0l 


08 


00 


23, 


,020 


+30 


51 


01.26 


OQnT 


Q'7 
1 


OVt: A 

y i oy 


JUoUi-hOZiU 


08 


01 


17, 


,750 


+52 


10 


35.12 


\ /i nT 


io4o 


yoUD 


JUoU4+D4oy 


08 


04 


30, 


,300 


+64 


59 


52.89 


\ /I nT 


c; VA 
Zo t(J 


VRI T 


JUoUD+0U4i 


08 


06 


20, 


,460 


+50 


41 


24.65 


r^oQnT 
\jZo\jLi 


O/l OA 

Z4ZU 


OAt; 1 

yuoi 


Tnc 1 A 1 c;noo 
JUoi4+oUzy 


08 


14 


35, 


,186 


+50 


29 


46.54 


(~*^ A nT 


t;AA 
oUU 


yuo ( 


JU<5Zo-|-Oiz ( 


08 


25 


35, 


,193 


+51 


27 


06.40 


C* 1 At\t 


fiAA 

DUU 


yuD/ 


JUc5Z i -\-Wdz 


08 


27 


06, 


,509 


+10 


52 


23.81 


\jiZo\j\-i 


ZoU4 


ooDy 


juttoy-hozoD 


08 


39 


52, 


,354 


+52 


56 


24.28 




fJAA 

DUU 


nnet'7 
yUD/ 


JUtto / H-lcSoo 


08 


57 


26, 


,810 


+18 


55 


24.20 


c* 1 Am 


ZoOZ 


ooDy 


JUyU4+ioUy 


09 


04 


23, 


,361 


+13 


09 


21.20 


A nT 


OQ 1 Q 

Zoio 


QOQT 

oZo ( 


JUyiz+z4oU 


09 


12 


17, 


,769 


+24 


50 


37.70 


1 /I nT 


VOA 


yoUD 


Tnni c; 1 /I /I ofi 
JUyiO+44zo 


09 


15 


10, 


,748 


+44 


26 


55.94 


(~*^ A nT 


fiAA 
DUU 


ovc; A 

y i oy 


JUyZD+v5Uoo 


09 


26 


36, 


,299 


+30 


55 


06.00 


1 /I nT 


/ D 


oOoZ 


JUy44+zoo4 


09 


44 


42, 


,341 


+25 


54 


42.53 


r^oQnT 
\jZo\JLi 


01 An 
Z14U 


Q AA 

oooy 


TnO/l fi_L/1 QOQ 
JUy4o-t-4oZo 


09 


48 


35, 


,922 


+43 


23 


02.01 


r^oQnT 

KjZoKJLi 


OQQQ 

Zooo 


OAf^l 

yuoi 


juy4y+zyoo 


09 


49 


41, 


,100 


+29 


55 


18.80 


1 /I nT 


ft/1 QAA 

D4oUU 


oZo4 


juy4y+zyoo 


09 


49 


41, 


,100 


+29 


55 


18.80 


r^oQnT 
\jZo\JLi 


c; AOA 

zoyzu 


QOQA 


juyou+oo4o 


09 


50 


11, 


,257 


+58 


46 


57.72 


(~*^ A nT 


ftAA 

DUU 


yuo / 


JUyoU-hOcSUi 


09 


50 


13, 


,989 


+58 


01 


38.00 


c* 1 Am 


( D 


oOoZ 


JUyoo— UUocS 


09 


53 


23, 


,588 


-00 38 03.62 




Ox4o 


OQCO 

yooz 


juyoc)-)-oy4u 


09 


55 


11, 


,331 


+59 40 30.70 


Am 


fiAA 

DUU 


nnet'7 
yUD/ 


JUyo<5+ozz4 


09 


58 


20, 


,991 


+32 24 02.37 


c* 1 Am 


1 OAA 

iZUU 


yoUD 


71 AHA 1 AAAC; 

JiUUU+UUUo 


10 


00 


17, 


,659 


+00 05 22.56 


G230L 


2354 


8569 


71 Am 1 c;c; KQ 
J iUUi+OOOo 


10 


01 


20, 


,739 


+55 53 55.10 


\jZo\jLi 


1 AAQ 

lyuo 


oooD 


71 Am 1 c;c: CO 

J iUUlH-OOOo 


10 


01 


20, 


,889 


+55 53 49.20 


r^oQnT 
\jZo\jLi 


1 OA/1 

iyu4 


QQQR 


7 1 AA1 1 C^iS 1 n 

JiUUi+OOiU 


10 


01 


42, 


,601 


+56 10 44.00 


1 /I nT 


576 


8582 


71 AAV 1 AA/1 O 
J iUU ( +UU4Z 


10 


07 


15, 


,472 


+00 42 58.03 


r^oQnT 
\jZo\JLi 


A '7Q1 

4 / ol 


OQQO 

yooz 


71 AAV 1 1 OA Q 

J lUU ( +iZ4o 


10 


07 


26, 


,100 


+12 48 56.00 


r^oQnT 
\jZo\JLi 


OOAO 


O/l QO 

y4oz 


71 AAQ AOOQ 

J iUUo— UZZo 


10 


08 


34, 


,739 


-02 23 02.50 


1 /I nT 


fiAA 

DUU 


OAAT 

yuu ( 


71 AAQ AA1 Q 

J iUUo— UUlo 


10 


08 


37, 


,317 


-00 18 35.21 


r^oQnT 
\jZo\jLi 


oZ4o 


OQQO 


71 AAA 1 00(^ 

J iuuy— izzd 


10 


09 


02, 


,618 


-12 26 18.14 


r^oQnT 
\jZo\jLi 


AAA 

yuu 


you ( 


T1 AAA AAOft 

J iuuy— uuzo 


10 


09 


30, 


,421 


-00 26 19.10 


r^oQnT 
\jZo\jLt 


Zooo 


OQQO 

yooz 


T1AAA I AAQf; 


10 


09 


45, 


,143 


+00 36 33.23 


G230L 


5236 


9382 


Tim A 1 AAAQ 

JiuiuH-uUuo 


10 


10 


18, 


,160 


+00 03 51.37 


G230L 


2375 


9382 


J iUiU— UU4 ( 


10 


10 


33, 


,398 


-00 47 24.40 


\jiZo\M-i 


Zoto 


OQQO 

yooz 


T1 A1 Q _l_ CRI C 
J iUio-|-ODiO 


10 


13 


36, 


,299 


+56 15 36.97 


C^A A m 


( D 


QC^QO 

oOoZ 


T1 A1 A 1 A QAA 

J iUi4-|-4oUU 


10 


14 


47, 


,131 


+43 00 30.90 


C^A A m 


OAA 1 
Z44i 


QOQ'7 

oZo { 


71 A1 T 1 f;Q fift 
J iUi ( +O0OO 


10 


17 


42, 


,729 


+53 56 35.39 


/^OQnT 

\jZo\jLi 


OOoU 


OACTI 

yuoi 


71 AOO 1 QA/I 1 

J lUZz+oU41 


10 


22 


30, 


,278 


+30 41 04.86 


(~*^ A nT 


Zo (D 


Q c;RA 

oooy 


71 AOO 1 A1 A1 

J lUZz+UlUl 


10 


22 


59, 


,777 


+01 01 23.20 


G230L 


5236 


9382 


T"1AO/^ 1 r' 1 11^ 

JlUzD+bloo 


10 


26 


19, 


,102 


+61 36 28.90 


G140L 


600 


9067 


71 AOfi 1 fiV/l 
J iUZD + D ( 40 


10 


26 


32, 


,571 


+67 46 12.65 


1 /I nT 


VOA 

1 ZU 


yoUD 


71 AOS A1 AO 
J lUZo— UlUU 


10 


28 


36, 


,980 


-01 00 27.86 




OZOD 


OQQO 

yooz 


71 AQ1 1 c;ac;q 
J lUoi+OUOo 


10 


31 


18, 


,472 


+50 53 36.51 


(~*^ A nT 


OAA/1 

zuy4 


of; Aft 

yoUD 


71 AQ1 AAQfi 

J lUoi— UUoO 


10 


31 


48, 


,779 


-00 36 03.28 


r^oQnT 
\jZo\jLi 


OQ Kl 

Zool 


OQQO 


71 AQO 1 c;ac;i 
J iUoZ-j-oUOi 


10 


32 


16, 


,190 


+50 51 20.65 


(~*^ A nT 


1 c;/i Q 


yoUD 


T1 AQO_l_AnAQ 


10 


32 


39, 


,163 


+00 03 53.39 


t^o'im 


O/i AA 

Z4UU 


OQQO 

yooz 


T1 nQ'7_i_nnOQ 


10 


37 


44, 


,392 


+00 28 08.51 


KjiZo\ji-i 


OQfl7 
ZoD ( 


OQQO 

yooz 


T1A/1A_l_d AK 


10 


40 


57, 


,700 


+51 45 05.86 


c* 1 Am 


RAA 

DUU 


y / oy 


J iU4 / — UU4 ( 


10 


47 


33, 


,395 


-00 47 01.07 


\jZo\jLi 


Oz4o 


OQQO 

yooz 


71 A/1 Q 1 AAQO 

J iU4o+UUoZ 


10 


48 


52, 


,533 


+00 32 29.40 


/^OQnT 

\jZct\jLi 


O'iCi'7 
Zoo 1 


OQQO 

yooz 


7 1 Ac; 1 A A 1 


10 


51 


51, 


,460 


-00 51 


18.16 


1 /I nT 


150 


7295 


71 AC:/1 AAOA 

J lUo4— UUzU 


10 


54 


40, 


,950 


-00 20 49.13 


r^oQnT 
\jZo\jLi 


Zoto 


OQQO 


71 AC^T A1 QA 


10 


57 


13, 


,250 


-01 39 13.90 


1 /I nT 


RAA 
DUU 


OAAV 

yuu t 


711 AQ 1 QVI c; 


11 


03 


49, 


,709 


+37 15 25.50 


OQnT 


01 QQ 

Zioo 


OAc; 1 

yuoi 


71 1 A/1 1 01 


11 


04 


16, 


,699 


-10 16 08.16 


r^oQnT 


yuu 


you i 


J1106-0052 


11 


06 


31, 


,740 


-00 52 53.52 


G140L 


190 


7295 


J1107+0048 


11 


07 


29, 


,022 


+00 48 10.30 


G230L 


2383 


9382 


J1107+0003 


11 


07 


36, 


,654 


+00 03 28.62 


G230L 


2367 


9382 


J1108+3133 


11 


08 


01, 


,300 


+31 33 32.38 


G230L 


2200 


9051 


Jl 108-0802 


11 


08 


12, 


,631 


-08 02 29.03 


G230L 


900 


9507 


J1109+0051 


11 


09 


36, 


,361 


+00 51 10.40 


G230L 


8145 


9382 


JlllO+4831 


11 


10 


38, 


,591 


+48 31 16.51 


G140L 


720 


9506 


JlllO+3019 


11 


10 


40, 


,250 


+30 19 09.95 


G230L 


2236 


9051 


JlllO+0048 


11 


10 


54, 


,906 


+00 48 53.53 


G230L 


5244 


9382 



Ribaudo, Lehner, & Howk 
TABLE 1 — Continued 



Object 


R.A. 


(J2000) 


DEC. (J2000) 


Grating 


Exp. (s) 


Id 


71 1 1 o 1 nni Q 


11 


12 


56, 


,118 


1 nn 1 Q /I Q OQ 
"hUU lo 4o.zo 


r~^oQn7 

VjZoUIj 


OQftQ 

zoDo 


OQQO 

yooz 


Ti 1 1 n 1 fino/i 
J 1119+001)4 


11 


19 


14, 


,352 


1 ftn r\A t^ft Q/1 
-|-DU U4 0D.o4 


A n7 
vj14U1j 


1 nnn 
lUUU 


ocnft 
yOUD 


f 1 1 o 1 o 1 n 
J 1 Izo+oVilU 


11 


25 


53, 


,899 


1 c^n 1 n oi nn 
"hoy lU zl.UU 


A n7 
Vj14U1j 


1 Qon 
lozU 


007/1 

yo / 4 


T 1 1 Oft 1 nnu /I 


11 


26 


02, 


,783 


1 nn Q/1 1 Q ni 
H-UU o4 lo.Ul 


r~^oQn7 

LiZOUL; 


OQVI 

zo ( 1 


OQQO 

yooz 


Til OQ 1 QA 1 


11 


29 


30, 


,461 


1 Q /1 1 nn Q? 
— ly 41 uu.o/ 


(orl4Uij 


"Ton 
/ ZU 


ocnft 
youD 


TI 1 Q'7_l_QQn'7 


11 


37 


09, 


,521 


_l_QQ CV? OQ CO 

-hoy \jf Zo. oy 




ooftn 

ZZDU 


on CI 
yuol 


J i 14o-ro4oz 


11 


43 


08, 


,811 


_lq/1 CO oo ftn 
-|-t>4 oz zz. oy 


1 /inT 
Lil4Uij 


1 ncQQ 
lUOoo 


ozo/ 




12 


00 


06, 


,189 


1 Qi Oft Qn on 
+ol ZD oU.zU 


(^1 /inT 
Lil4Uij 


29185 


8287 


71 oni 1 ni 1 1 
J IzUl+Ulll 


12 


01 


30, 


,370 


1 ni 1 1 QQ ft? 
H-Ul 11 oo.ui 


A n7 
LTl4ULi 


1 Qon 
lozU 


yo 1 4 




12 


03 


31, 


,249 


1 1 c; oo K K c^n 
+ 10 zz 00. oU 


(^1/1 n7 
Lt14U1j 


OQ 1 ft 

zolD 


QOQ7 

ozo/ 


T1 one; oftQ /I 


12 


05 


33, 


,179 


Oft Q/1 nQ 

—ZD o4 Uo. / 


r~*oQn7 


A '7'70 
4 M Z 


QOOC 

ozzO 


T 1 onn 1 noQ o 
JlzUy+Uzoi 


12 


09 


44, 


,821 


1 no Qo 1 o '7n 
+Uz oz Iz. / U 


c^-\ A n7 
Lrl4ULi 


1320 


9874 


T1 01 n 07f;Q 
J IzlU— z i Oo 


12 


10 


43, 


,810 


ov t^Q cn 1 n 
— z ( Oo Oy.lU 


r~'OQn7 

LrZOUlj 


cnvi 
OU i 1 


QOOC 

ozzO 


T1 oi /I 1 1/1 on 
J lzl4+14zy 


12 


14 


40, 


,269 


1 1 A on nn i n 
+ 14 zy UU.IU 


r~'OQn7 


1 noi 1 
lUoll 


'zQcn 

/ ooy 


T1 oon 01 1 Q 
J IzZU— zllo 


12 


20 


21, 


,940 


OI 1 Q 1 t:Q 
— Zl lo 10. Oo 


r^OQn7 
LizoUIj 


A '7QQ 
4 / OO 


QOOC 

ozzO 


TI oon 1 QQ/l Q 

J lzZU+oo4o 


12 


20 


33, 


,871 


1 QQ /IQ 10 CQ 

+00 4o Iz.Oo 


r~'OQn7 
LizoUIj 


OQon 
zooU 


Q cftn 
oODy 


71 oon nr\AC\ 
J IzzU— UU4U 


12 


20 


37, 


,031 


nn /in qq no 
— UU 4U oo.yz 


/^OQn7 
IjZOUIj 


CO/1 Q 

Oz4o 


nQQO 

yooz 


TI oo/i_i_nnQ'7 


12 


24 


14, 


,293 


1 nn Q? (\'7 nn 

+UU o/ u/.yu 


^"'OQnT 

LizoUij 


OQftQ 

zoDo 


OQQO 
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Object R.A. (J2000) DEC. (J2000) Grating Exp. (s) Id 



J1525+0026 


15 


25 
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,598 


+00 26 32.75 


G230L 
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9382 


J1527+2452 


15 


27 
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+24 52 49.62 
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06 
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G230L 
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20 


51 
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,642 


+19 50 06.99 


G230L 


2332 


8569 


J2114+0607 


21 


14 


52, 


,581 


+06 07 42.92 


G140L 


1100 


9277 


J2114+0607 


21 


14 


52, 


,581 


+06 07 42.92 


G230L 


900 


9277 


J21 15-4323 


21 


15 


06, 


,877 


-43 23 11.10 


G230L 


5315 


7359 


J2120-4426 


21 


20 


11, 


,609 


-44 26 52.90 


G230L 


8279 


7359 


J2139-2454 


21 


39 


13, 


,271 


-24 54 14.89 


G230L 


5057 


8225 


J2144-0754 


21 


44 


32, 


,717 


-07 54 42.85 


G230L 


2110 


9051 


J2151+2130 


21 


51 


45, 


,828 


+21 30 13.50 


G230L 


2333 


8569 


J215.3-15M 


21 


53 


19, 


,138 


-15 14 12.11 


G140L 


503 


9858 


J2154-4414 


21 


54 


51, 


,160 


-44 14 05.85 


G140L 


720 


9506 


J2155-0922 


21 


55 


01, 


,531 


-09 22 24.40 


G230L 


1667 


9181 


J2155-0922 


21 


55 


01, 


,531 


-09 22 24.40 


G140L 


2640 


9181 


J2159-2417 


21 


59 


24, 


,961 


-24 17 52.10 


G230L 


4738 


8225 


J2211-1705 


22 


11 


15, 


,417 


-17 05 25.84 


G230L 


7904 


7359 


J2215-2944 


22 


15 


16, 


,040 


-29 44 23.61 


G230L 


2376 


8569 


J2218-6150 


22 


18 


51, 


,042 


-61 50 42.80 


G140L 


2520 


8287 


J2221-1857 


22 


21 


39, 


,492 


-18 57 07.20 


G140L 


2312 


8287 


J2233-6033 


22 


33 


37, 


,668 


-60 33 28.95 


G230L 


22124 


7633 


J2233-6033 


22 


33 


37, 


,668 


-60 33 28.95 


G140L 


18480 


8076 


J2236+1343 


22 


36 


07, 


,690 


+13 43 55.40 


G230L 


900 


9507 


J2252-5021 


22 


52 


43, 


,938 


-50 21 37.71 


G140L 


2530 


8287 


J2253-3658 


22 


53 


10, 


,693 


-36 58 15.70 


G140L 


2392 


8287 


J2255-5435 


22 


55 


57, 


,429 


-54 35 26.20 


G140L 


2530 


8287 


J2258-2758 


22 


58 


06, 


,028 


-27 58 21.15 


G230L 


2223 


8225 


J2304+0311 


23 


04 


45, 


,000 


+03 11 46.00 


G140L 


2200 


7358 


J2316-2849 


23 


16 


16, 


,223 


-28 49 00.20 


G140L 


2342 


8287 


J2316-3349 


23 


16 


43, 


,228 


-33 49 12.30 


G140L 


2364 


8287 


J2328+0022 


23 


28 


20, 


,354 


+00 22 37.09 


G230L 


5260 


9382 


J2330-5506 


23 


30 


01, 


,838 


-55 06 23.57 


G230L 


900 


9507 



Ribaudo, Lehner, & Howk 
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J2331+0038 


23 31 21.804 


+00 38 06.29 


G230L 


2379 


9382 


J2334+0052 


23 34 39.983 


+00 52 00.16 


G230L 


8157 


9382 


J2339-0029 


23 39 17.827 


-00 29 44.34 


G230L 


2347 


9382 


J2346-0016 


23 46 25.671 


-00 16 00.48 


G140L 


600 


9067 


J2350-4326 


23 50 34.241 


-43 26 00.00 


G140L 


2120 


8875 


J2350-4326 


23 50 34.241 


-43 26 00.00 


G230L 


1280 


8875 


J2351-1427 


23 51 29.839 


-14 27 56.80 


G140L 


2318 


8287 


J2352-0028 


23 52 53.511 


-00 28 51.31 


G230L 


2375 


9382 


J2353-0028 


23 53 21.614 


-00 28 41.66 


G230L 


2379 


9382 


J2358-5440 


23 58 33.442 


-54 40 42.21 


G140L 


2530 


8287 



HST Study of LLSs 

TABLE 2 

Observations from FOS archive (G160L) 



Object R.A. (J2000) DEC. (J2000) Exp. (s) Id 



incCOSTAH 



J0017+8135 


00 


17 


08, 


.563 


+81 35 08.91 


600 


1027 


J0017+8135 


00 


17 


08, 


.563 


+81 35 08.91 


25 


1027 


J0017+8135 


00 


17 


08, 


.563 


+81 35 08.91 


25 


1027 


J0027+2241 


00 


27 


15, 


.400 


+22 41 58.50 


1331 


2424 


J0047+0319 


00 


47 


05, 


.900 


+03 19 54.90 


530 


2424 


J0057-2643 


00 


57 


58, 


,012 


-26 43 14.14 


1200 


3199 


JOl 17-0841 


01 


17 


23, 


,338 


-08 41 32.38 


1127 


3268 


J0117-0841 


01 


17 


23, 


,338 


-08 41 32.38 


1143 


4856 


J0117-0841 


01 


17 


23, 


,338 


-08 41 32.38 


1143 


4856 


J0117-0841 


01 


17 


23, 


,338 


-08 41 32.38 


1143 


4856 


J0117-0841 


01 


17 


23, 


,338 


-08 41 32.38 


1143 


4856 


J0117-0841 


01 


17 


23. 


,338 


-08 41 32.38 


345 


4856 


J0120+2133 


01 


20 


17, 


.250 


+21 33 46.30 


420 


4396 


J0145-0120 


01 


45 


51, 


.189 


-01 20 30.73 


50 


1027 


J0145-0120 


01 


45 


51, 


.189 


-01 20 30.73 


1200 


1027 


J0145-0120 


01 


45 


51, 


,189 


-01 20 30.73 


50 


1027 


J0148+3854 


01 


48 


24, 


,400 


+38 54 04.00 


420 


4396 


J0152-2001 


01 


52 


27, 


,291 


-20 01 07.29 


2000 


3051 


J0152-2001 


01 


52 


27, 


,291 


-20 01 07.29 


100 


3051 


J0152-2001 


01 


52 


27, 


,291 


-20 01 07.29 


2000 


3051 


J0152-2001 


01 


52 


27, 


,291 


-20 01 07.29 


2000 


3051 


J0156+0445 


01 


56 


36, 


.001 


+04 45 28.47 


1200 


3199 


J0235-0402 


02 


35 


07, 


,260 


04 02 05.80 


1803 


4799 


J0256-0126 


02 


56 


16, 


,520 


-01 26 37.40 


360 


4396 


J0336-3607 


03 


36 


09, 


.280 


-36 07 33.30 


420 


4396 


J0351-1429 


03 


51 


28, 


.600 


-14 29 09.10 


530 


2424 


J0357-4812 


03 


57 


21, 


.900 


-48 12 15.00 


420 


4396 


J0448-2044 


04 


48 


58, 


.810 


-20 44 45.70 


480 


4396 


J0449-3911 


04 


49 


42, 


.299 


-39 11 09.00 


420 


4396 


J0745+3142 


07 


45 


41, 


.700 


+31 42 55.70 


563 


3791 


J0813+4813 


08 


13 


36, 


.059 


+48 13 02.49 


2172 


3939 


J0813+4813 


08 


13 


36, 


.059 


+48 13 02.49 


2172 


3939 


J0813+4813 


08 


13 


36, 


.059 


+48 13 02.49 


1200 


1193 


J0813+4813 


08 


13 


36, 


.059 


+48 13 02.49 


2173 


3939 


J0813+4813 


08 


13 


36, 


.059 


+48 13 02.49 


2172 


3939 


J0813+4813 


08 


13 


36, 


.061 


+48 13 02.69 


1620 


5351 


J0813+4813 


08 


13 


36, 


.061 


+48 13 02.69 


1580 


5351 


J0837+4450 


08 


37 


52, 


.745 


+44 50 25.96 


1400 


3545 


J0837+4450 


08 


37 


52, 


.745 


+44 50 25.96 


1400 


3545 


J0837+4450 


08 


37 


52, 


.745 


+44 50 25.96 


1400 


3545 


J0837+4450 


08 


37 


52, 


.745 


+44 50 25.96 


1400 


3545 


J0853+4349 


08 


53 


34, 


.200 


+43 49 01.00 


530 


2424 


J0859+4637 


08 


59 


24, 


.320 


+46 37 17.39 


480 


4952 


J0919+5106 


09 


19 


57, 


.700 


+51 06 10.01 


563 


2424 


J0949+2955 


09 


49 


41, 


.107 


+29 55 19.12 


100 


3200 


J0949+2955 


09 


49 


41, 


.107 


+29 55 19.12 


1768 


3200 


J1003+6813 


10 


03 


06, 


.801 


+68 13 17.50 


563 


3791 


JlOlO+4132 


10 


10 


27, 


.499 


+41 32 39.10 


563 


3791 


JlOll+1304 


10 


11 


10, 


.800 


+ 13 04 12.00 


420 


4952 


J1024+1912 


10 


24 


44, 


.901 


+ 19 12 19.60 


1464 


2424 


J1041+0610 


10 


41 


17, 


,201 


+06 10 16.60 


1331 


2424 


J1042+1203 


10 


42 


44, 


.601 


+ 12 03 31.30 


1545 


2424 


J1058+1951 


10 


58 


17, 


.900 


+19 51 51.00 


1061 


2424 


J1107+1628 


11 


07 


15, 


.000 


+16 28 02.40 


563 


3791 


J1125+5910 


11 


25 


53, 


.851 


+59 10 21.19 


360 


4952 


J1126+3918 


11 


26 


27, 


.990 


+39 18 44.79 


360 


4952 


J1133+1052 


11 


33 


30, 


.300 


+ 10 52 23.00 


563 


2424 


J1139-1350 


11 


39 


10, 


,701 


-13 50 43.10 


530 


2424 


J1139+6547 


11 


39 


57, 


,100 


+65 47 49.41 


530 


2424 


J1208+4540 


12 


08 


58, 


,000 


+45 40 36.00 


530 


2424 


J1218+1105 


12 


18 


26, 


,100 


+ 11 05 05.30 


1677 


2424 


J1232-0224 


12 


32 


00, 


,000 


-02 24 05.34 


1000 


1193 


J1232-0224 


12 


32 


00, 


,088 


-02 24 07.57 


2029 


3939 


J1232-0224 


12 


32 


00, 


,088 


02 24 07.57 


2029 


3939 


J1247+3209 


12 


47 


20, 


,801 


+32 09 00.99 


1331 


2424 


J1249-0559 


12 


49 


13, 


,843 


-05 59 19.34 


901 


4081 


J1254+1141 


12 


54 


38, 


.199 


+11 41 06.10 


853 


2424 


J1256+0427 


12 


56 


59, 


.901 


+04 27 34.10 


853 


3791 


J1308+3005 


13 


08 


29, 


.689 


+30 05 39.00 


480 


4952 


J1319+5148 


13 


19 


46, 


,230 


+51 48 06.09 


480 


4953 


J1319+2728 


13 


19 


56, 


.301 


+27 28 08.40 


798 


2424 


J1321+2847 


13 


21 


14, 


.736 


+28 47 48.68 


1000 


1144 


J1323+2910 


13 


23 


20, 


.581 


+29 10 06.90 


480 


4953 
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TABLE 2 — Continued 



KJ UJtJCt 


R.A. 


(J2000) 






Id 


J1331+3030 


13 


31 


08, 


.295 


+30 30 32.86 


900 


1193 


J1334+5r501 


13 


34 


11, 


.660 


+55 01 25.50 


480 


4953 


J1336+1725 


13 


36 


02, 


.000 


+ 17 25 13.00 


530 


2424 


J1336-0048 


13 


36 


47, 


.131 


-00 48 57.74 


1127 


3268 


J1341+4123 


13 


41 


00, 


.798 


+41 23 14.10 


798 


2424 


J1343+2844 


13 


43 


00, 


.201 


+28 44 08.00 


1061 


2424 


J1349+5341 


13 


49 


34, 


.698 


+53 41 17.40 


1539 


2424 


J1351-0007 


13 


51 


50, 


.420 


-00 07 39.70 


480 


4953 


J1354+0052 


13 


54 


58, 


.700 


+00 52 10.00 


530 


2424 


J1357+1919 


13 


57 


04, 


.501 


+ 19 19 06.60 


530 


2424 


J1407+2827 


14 


07 


00, 


.399 


+28 27 14.63 


1530 


6799 


J1409+2618 


14 


09 


23, 


.877 


+26 18 21.21 


676 


2424 


J1418+1703 


14 


18 


03, 


.699 


+ 17 03 24.90 


1519 


2424 


J1427-1203 


14 


27 


38, 


.101 


-12 03 49.90 


563 


2424 


J1437-0147 


14 


37 


48, 


.259 


-01 47 11.30 


1450 


6103 


J 1437-0 147 


14 


37 


48, 


.259 


-01 47 11.30 


1510 


6103 


J1437-0147 


14 


37 


48, 


.270 


-01 47 11.40 


360 


4953 


J1445+0958 


14 


45 


16, 


.469 


+09 58 36.12 


1200 


1027 


J1445+0958 


14 


45 


16, 


.469 


+09 58 36.12 


50 


1027 


J1445+0958 


14 


45 


16, 


.469 


+09 58 36.12 


50 


1027 


J1524+0958 


15 


24 


24, 


.529 


+09 58 29.46 


1878 


3200 


J1524+0958 


15 


24 


24, 


.529 


+09 58 29.46 


1878 


3200 


J1524+0958 


15 


24 


24, 


.529 


+09 58 29.46 


100 


3200 


J1524+0958 


15 


24 


24, 


.529 


+09 58 29.46 


1878 


3200 


J1539+4735 


15 


39 


34, 


.794 


+47 35 31.62 


563 


3791 


J1620+1736 


16 


20 


21, 


.801 


+ 17 36 24.00 


563 


2424 


J1630+3758 


16 


30 


13, 


.586 


+37 58 21.04 


1000 


1144 


J1630+3756 


16 


30 


20, 


.815 


+37 56 55.53 


1000 


1144 


J1658+0515 


16 


58 


33, 


.501 


+05 15 16.50 


1061 


2424 


]1 002+31 59 


19 


02 


56, 


.082 


+31 59 41 65 


1460 


6577 


J2246-1206 


22 


46 


18. 


.201 


-12 06 51.20 


563 


3791 


J2253+1608 


22 


53 


57, 


.803 


+16 08 53.40 


530 


2424 


J2303-6807 


23 


03 


43, 


.499 


-68 07 37.11 


563 


2424 


J2342-0322 


23 


42 


56, 


.602 


-03 22 26.50 


563 


4000 


J2342-0322 


23 


42 


56, 


.602 


-03 22 26.50 


563 


4000 


J2342-0322 


23 


42 


56, 


.602 


-03 22 26.50 


516 


4000 


J2346+0930 


23 


46 


36, 


.899 


+09 30 46.00 


563 


3791 


J2355-3357 


23 


55 


25, 


.598 


-33 57 55.80 


563 


2424 


COSTAK 


J0102-2719 


01 


02 


17. 


.008 


-27 19 50.06 


1080 


5455 


J0102-2719 


01 


02 


17, 


.008 


-27 19 50.06 


300 


5455 


JOlll+1753 


01 


11 


49, 


.793 


+17 53 50.73 


1350 


5095 


JOlll+1753 


01 


11 


49, 


.793 


+ 17 53 50.73 


1350 


5095 


J0144+3411 


01 


44 


11, 


.780 


+34 11 56.23 


1580 


6577 


J0209-3939 


02 


09 


28, 


.570 


-39 39 40.00 


2220 


6093 


J0209-3939 


02 


09 


28, 


.570 


-39 39 40.00 


2500 


6093 


J0228-1011 


02 


28 


39, 


.150 


-10 11 10.30 


1360 


5455 


J0231+1322 


02 


31 


45, 


.910 


+ 13 22 54.47 


1400 


6577 


J0251+43ir3 


02 


51 


34, 


.590 


+43 15 15.70 


1660 


6577 


J0310-1909 


03 


10 


28, 


.079 


-19 09 43.82 


1270 


5097 


J0347+0105 


03 


47 


40, 


.200 


+01 05 14.25 


1490 


6799 


J0347+0105 


03 


47 


40, 


.200 


+01 05 14.25 


2430 


6799 


J0357-4812 


03 


57 


21. 


.870 


-48 12 15.30 


2570 


6103 


J0357-4812 


03 


57 


21. 


.870 


-48 12 15.30 


1650 


6103 


J0357-4812 


03 


57 


21. 


.870 


-48 12 15.30 


1220 


6103 


J0741+3111 


07 


41 


10, 


.681 


+31 11 59.75 


1520 


6577 


J0813+4813 


08 


13 


36, 


.061 


+48 13 02.69 


1620 


5351 


J0813+4813 


08 


13 


36, 


.061 


+48 13 02.69 


1580 


5351 


J0830+2410 


08 


30 


52, 


.101 


+24 10 59.45 


1560 


6577 


J0845+3420 


08 


45 


38, 


.661 


+34 20 43.30 


1680 


6091 


J0845+1328 


08 


45 


47, 


.271 


+ 13 28 58.41 


1540 


6577 


J0906+1722 


09 


06 


38, 


.214 


+ 17 22 23.16 


450 


5455 


J0906+1722 


09 


06 


38, 


.214 


+ 17 22 23.16 


870 


5455 


J0935+4953 


09 


35 


53, 


.009 


+49 53 13.79 


1440 


6314 


J0935+4953 


09 


35 


53, 


.130 


+49 53 13.60 


1200 


5455 


J0954+1743 


09 


54 


56, 


.851 


+17 43 31.09 


1430 


6577 


JlOOl+5553 


10 


01 


20, 


.739 


+55 53 55.10 


240 


5683 


JlOOH-5553 


10 


01 


20, 


.889 


+55 53 49.20 


240 


5683 


JlOOl+5454 


10 


01 


29, 


.722 


+54 54 38.13 


1670 


6577 


J1038-2752 


10 


38 


08, 


.434 


-27 52 37.99 


1510 


6577 


J1052+6125 


10 


52 


32, 


.849 


+61 25 20.56 


1660 


6577 


J1130-1449 


11 


30 


07, 


.020 


-14 49 27.60 


1450 


6577 


J1150-0023 


11 


50 


43, 


.861 


-00 23 55.10 


1260 


5095 


J1150-0023 


11 


50 


43, 


.861 


-00 23 55.10 


1040 


5095 


J1151+3825 


11 


51 


29, 


.290 


+38 25 53.04 


1520 


6577 



HST Study of LLSs 

TABLE 2 — Continued 



Object 


R.A. 


(J2000) 


DEC. (J2000) 


Exp. (s) 


Id 


71 01 1 11 nun 


12 


11 


40, 


.620 


1 1 n Qn no f^n 


1 n/in 
iy4U 


OoOi 


71011 11 nun 


12 


11 


40, 


.620 


1 1 n Qn no c^n 


1 ORn 


OoOi 


71 oc;ft 1 

J iZOD + OOOZ 


12 


56 


14, 


.216 


1 f^R C^O OC^ HQ 


t lU 


i yy 


71QII Ac;c;o 


13 


11 


36, 


.486 


nc; CO QQ nt; 

— uo OZ 00. yo 


A cn 
4oU 


0400 


Ti 01 1 ncco 

J loll — yjooz 


13 


11 


36. 


.486 


nc CO Qc; 

— uo OZ 00. yo 


you 


0400 


J 14U / -f-zaz t 


14 


07 


00, 


.399 


-\-Zo Zi 14.00 


lOoU 


0/ yy 


Ti/iiK_Lii on 
J 1410-riizy 


14 


15 


46, 


.300 


_i_ 1 1 on A A in 
zy 44. ±U 


you 


0400 


J14o U14/ 


14 


37 


48, 


.259 


m A'7 T 1 QCX 

— Ui 4/ ii.oU 


1 A cn 
i4oU 


OiUo 


J1437-0147 


14 


37 


48, 


.259 


-ni 47 11. .so 


1510 


6103 


J1513+1011 


15 


13 


29, 


.330 


+ 10 11 05.87 


1550 


6577 


J1601+1714 


16 


01 


20, 


.350 


+ 17 14 15.75 


2340 


5095 


J1601+1714 


16 


01 


20, 


.350 


+ 17 14 15.75 


1280 


5095 


J1625+2646 


16 


25 


48, 


.907 


+26 46 58.76 


1920 


6577 


J1716+5328 


17 


16 


35, 


.310 


+53 28 15.27 


1660 


6577 


J1902+3159 


19 


02 


56, 


.082 


+31 59 41.65 


1460 


6577 


J2124-1744 


21 


24 


41, 


.660 


-17 44 45.90 


1470 


6799 


J2124-1744 


21 


24 


41, 


.660 


-17 44 45.90 


2420 


6799 
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TABLE 3 

List of objects used in sample R1/R2. 



Object'' 








Rl 


b 








R2'^ 






z 


min 


z- 


max 


z 


min 


z 


max 




3 


234 


2, 


.226 


2, 


.481 


2, 


.214 


2 


,481 


750002+0507 


7 


.900 


7, 


.470 


7, 


.871 


7, 


.470 


7 


,871 




2 


.760 


2, 


.301 


2, 


.594 


2, 


.301 


2 


,594 


ROOOS+1 55S 





.450 


0, 


.330 


0, 


.435 


0, 


.289 


0, 


,435 


J0012-0122 


7 


.998 


7, 


.387 


7, 


.968 


7, 


.387 


7 


,968 


7(1021 +0043 


7 


.243 


0, 


.943 


7, 


.221 


0, 


.943 


7 


.221 


10021+0104 


7^ 


.829 


7 


.575 


7 


.801 


7 


.575 


7 


.801 


J0021-0128A 


\ 


.588 


1 


.403 


1 


.562 


1, 


.243 


7, 


.562 


J0022-0128B 


7 


.040 


0. 


.830 


7, 


.020 


0. 


.830 


7, 


.020 


70027+2241 


7 


.108 


0. 


.542 


7 


.087 


0. 


.497 


7 


.087 


70038-3501 


7 


.199 


0. 


.852 


7 


.177 


0. 


.813 


7 


.177 


70038-3504 


7 


.519 


0. 


.964 


7 


.494 


0. 


.759 


7 


.494 


7003Q-352Q 


7 


.095 


0. 


.813 


7 


.074 


0. 


.797 


7 


.074 


J0043-2622 


3 


.053 


1 


.880 


2, 


.478 


7, 


.880 


2 


.478 


70047+0319 





.624 










0, 


.495 


0, 


.608 


70051 +0041 


7 


.188 


0, 


.995 


7, 


.166 


0, 


.870 


7 


.166 


R0058+01 55 


7 


.954 


7 


.035 


7 


.535 


0. 


.824 


7 


.535 


701 02-0853 


7 


.682 


1 


.178 


1, 


.655 


7, 


.178 


7 


.655 


70106+0105 


7 


.611 


7, 


.293 


7, 


.585 


7, 


.293 


7 


.585 


R01 07—0235 


0. 


.948 


0. 


.793 


0. 


.929 


0. 


.780 





.929 


10116-0043 


7 


.263 


0. 


.915 


7, 


.240 


0. 


.915 


7, 


.240 


BOliq-0437 


7 


.925 


1 


.470 


1 


.896 


1 


.470 


7, 


.896 


701 90+21 33 


7 


.500 


7 


.318 


7 


.475 


7 


.050 


7 


.475 


B0122-0021 


7 


.070 


0, 


.820 


7, 


.049 


0, 


.791 


7 


.049 


70123-0058 


7 


.550 


7, 


.397 


7, 


.524 


7, 


.397 


7 


.524 


701 26-01 05 


7 


.609 


7 


.193 


7 


.583 


7 


.193 


7 


.583 


701 28-302Q 





.475 


0. 


.255 


0. 


.460 


0. 


.255 





.460 


701 34+0051 


7 


.522 


7, 


.348 


1, 


.497 


7, 


.268 


7 


.497 


701 37-2430 





.831 


0, 


.790 


0, 


.813 


0, 


.738 


0, 


.813 


701 38-0005 


7 


.340 


7 


.219 


7 


.317 


7 


.112 


7 


.317 


701 39-0023 


7 


.384 


7, 


.082 


1, 


.360 


1, 


.082 


7 


.360 


J0141-0024 


2 


.611 


2, 


.215 


2, 


.464 


2, 


.215 


2 


.464 


B0143-0135 


3 


.124 


7, 


.612 


2, 


.593 


7, 


.612 


2 


.593 


70144+341 1 


7 


.450 


0. 


.765 


7 


.385 


0. 


.765 


7 


.390 


70148+3854 


7 


.442 










7 


.215 


7, 


.418 


B0150-2015 


2 


.139 


7 


.474 


2, 


.108 


1, 


.474 


2, 


.108 


701 '^2-2001 


2 


.147 


7 


.447 


7 


.658 




.447 


7 


.658 


701 "^3+0009 





.837 


0. 


.793 


0. 


.819 


0. 


.793 





.819 


701 "^3+0052 


7 


.163 


7 


.053 


7 


.141 


7 


.053 


7 


.141 


701 57-0048 


7 


545 


7 


.411 


7 


.520 


7 


.411 


7 


.520 


R0207-3953 


2 


.813 


2, 


.480 


2, 


.593 


2, 


.480 


2 


.593 


70208-0503 


7 


.850 


7 


.072 


7 


.822 


1, 


.072 


7 


.822 


B0219+4248 





.444 













,331 





.430 


70235-0402 


7 


.438 


0. 


.497 


7 


.414 





,497 


7 


.414 


J0240-1851 





.631 


0. 


.257 


0, 


.615 


0. 


,242 





.615 


70241-1 514 


2 


.786 










2, 


,198 


2 


.474 


70251 +431 5 


7 


.310 


0. 


.871 


7 


.287 


0. 


,771 


7 


.287 


B0254-3327b 


7 


.915 


7 


.583 


7 


.886 


7 


,474 


7, 


.886 


70256-0126 





.879 


0. 


.814 


0. 


.860 


0. 


,814 


0, 


.860 


70304—0008 


3 


.290 


2 


.112 


2 


.476 


0. 


,919 


2, 


.476 


J0318-2012 


2, 


.869 










2, 


,084 


2, 


.473 


70336-3607 


7 


.093 










0. 


,871 


7 


.072 


70351-1429 





.614 


0. 


.487 


0. 


.598 


0. 


,487 





.598 


70354-2724 


2 


.823 










7 


,858 


2 


.474 


70357-481 2 


7 


.016 


0, 


.511 


0, 


.996 


0, 


,504 





.996 


7041 1-4956 





.817 


0, 


.785 


0, 


.799 


0, 


,785 





.799 


R0421 +01 57 


2 


.044 


7 


.473 


2, 


.014 


7 


,473 


2 


.014 


J0423-0120 





.915 


0, 


.839 


0, 


.896 


0, 


,805 


0, 


.896 


R0424 1 309 


2 


.159 


2, 


.036 


2, 


.127 


2, 


,036 


2 


.127 


70436-5258 

Uyj^^yj yj^yj\j 


7 


.231 


0, 


.263 


0, 


.881 


0, 


,259 


0, 


.881 


704SQ— 2422 

u yj^Kjij ^^^^ 


0, 


.840 


0. 


.819 


0. 


.822 


0. 


,754 


0. 


.822 


J0440-5248 


1, 


.053 


0. 


.264 


0. 


.881 


0. 


,261 


0, 


.881 


J0441-4313 


0, 


.593 


0. 


.262 


0. 


.577 


0. 


,259 


0, 


.577 


J0448-2044 


1, 


.896 


1, 


.457 


1, 


.740 


0. 


,580 


1, 


.746 


J0452-1640 


2, 


.600 


1, 


.008 


2, 


.474 


1, 


,008 


2, 


.474 


J0453-1305 


2, 


.300 


2, 


.068 


2, 


.267 


2, 


,068 


2, 


.267 


B0453-4220 


2, 


.660 


2, 


.303 


2, 


.593 


2, 


,303 


2, 


.593 


B0454+0356 


1, 


.345 


0, 


.858 


1, 


.322 


0, 


,858 


1, 


.322 


B0454-2203 


0, 


.534 


0, 


.473 


0, 


.519 


0, 


,473 


0, 


.519 


J0504-2944 


0, 


.552 


0, 


.256 


0, 


.536 


0, 


,255 


0, 


.536 


J05 14-3326 


1, 


.569 


1, 


.131 


1, 


.543 


1, 


,131 


1, 


.543 


R0624+6907 





.374 


0, 


.329 


0, 


.360 


0, 


,311 


0, 


.360 


J0741+3111 


0, 


.630 


0, 


.482 


0, 


.614 


0, 


,482 


0, 


.614 


J0806+5041 


2, 


.432 


1. 


.101 


2. 


.398 


1. 


,079 


2, 


.398 
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'cm 




Rl 


b 








R2° 






min 




max 




min 




max 


J0830+2410 


0, 


.939 


0, 


.772 


0, 


.920 


0, 


.772 


0, 


.920 


J0839+5256 


1, 


.545 


0, 


.328 


0, 


,882 


0, 


.328 


0, 


.882 


J0845+1328 


1, 


.877 


0, 


.768 


1, 


,2.54 


0, 


.768 


1, 


.357 


J08r53+4349 





.513 










0, 


.495 





.498 


J0859+4637 


0, 


.923 


0, 


.615 


0, 


.904 


0, 


.499 


0, 


.904 


J0912+2450 


0, 


.654 


0. 


.262 


0. 


.637 


0. 


.259 


0, 


.637 


J0919+5106 





.553 


0. 


.512 


0. 


.537 


0. 


.495 


0, 


.537 


B0933+7315 


2, 


.528 


2. 


.332 


2. 


.493 


2. 


.332 


2, 


.493 


B0935+4141 


1, 


.937 


1. 


.465 


1. 


.908 


1. 


.465 


1, 


.908 


J0944+2554 


2, 


.910 


2, 


.235 


2, 


.456 


2, 


.235 


2, 


.456 


J0948+4323 


1, 


.892 


1, 


.227 


1, 


.863 


1, 


.227 


1, 


.863 


B0953+5454 


2, 


.584 


2, 


.510 


2, 


.548 


2, 


.510 


2, 


.548 


J0953-0038 


1, 


.382 


1, 


.016 


1, 


.358 


1, 


.016 


1, 


.358 


J0954+1743 


1, 


.478 


0, 


.502 


1, 


.453 


0, 


.502 


1, 


.453 


B0954+5537 


0, 


.909 


0. 


.844 


0. 


.890 


0, 


.803 


0, 


.890 


B0955+3238 


0, 


.533 










0, 


.331 


0, 


.518 


J0958+3224 


0, 


.530 


0, 


.258 


0, 


.515 


0, 


.256 


0, 


.515 


BlOOl+2910 


0, 


.329 


0, 


.286 


0. 


.316 


0, 


.286 


0, 


.316 


J1003+6813 


0, 


.773 


0. 


.705 


0. 


.755 


0. 


.505 


0, 


.755 


J1008-0018 


1, 


.350 


0. 


.931 


1. 


.327 


0. 


.876 


1, 


.327 


J1009+0036 


1, 


.702 


1. 


.031 


1. 


.675 


0. 


.959 


1, 


.675 


J1009-0026 


1, 


.244 


0, 


.889 


1, 


.222 


0. 


.889 


1, 


.222 


JlOlO+0003 


1, 


.399 


1, 


.266 


1, 


.375 


1, 


.266 


1, 


.375 


JlOlO+4132 


0, 


.613 


0, 


.495 


0, 


.597 


0, 


.495 


0, 


.597 


JlOlO-0047 


1, 


.671 


1, 


.328 


1, 


.644 


1, 


.328 


1, 


.644 


JlOll+1304 


1, 


.287 


0, 


.879 


1, 


.264 


0, 


.497 


1, 


.264 


B1017+2759 


1, 


.928 


1, 


.502 


1, 


.899 


1, 


.473 


1, 


.899 


J1017+5356 


1, 


.400 


1. 


.296 


1. 


.376 


1, 


.296 


1, 


.376 


J1022+0101 


1, 


.563 










1, 


.416 


1, 


.537 


J1022+3041 


1, 


.318 


0, 


.345 


0, 


.882 


0, 


.310 


0, 


.882 


J1024+1912 


0, 


.828 


0, 


.745 


0, 


.810 


0, 


.530 


0, 


.810 


J1028-0100 


1, 


.530 


0. 


.843 


1. 


.505 


0. 


.801 


1, 


.505 


J1032+0003 


1, 


.190 


1. 


.106 


1. 


.168 


1. 


.106 


1, 


.168 


J1037+0028 


1, 


.733 


1. 


.425 


1. 


.706 


1. 


.425 


1, 


.706 


J1038-2752 


2, 


.168 


0, 


.833 


1, 


.028 


0, 


.825 


1, 


.259 


J1041+0610 


1, 


.265 


0, 


.514 


1, 


.242 


0, 


.502 


1, 


.242 


J1042+1203 


1, 


.028 


0, 


.714 


1, 


.008 


0, 


.619 


1, 


.008 


B1047+5503 


2, 


.165 


1. 


.637 


2. 


.133 


1, 


.464 


2, 


.133 


J1048+0032 


1, 


.649 


1. 


.194 


1. 


.623 


1, 


.194 


1, 


.623 


J1054-0020 


1, 


.021 










0, 


.952 


1, 


.001 


J1058+1951 


1, 


.110 


1. 


.037 


1. 


.089 


1, 


.037 


1, 


.089 


BllOO+7715 


0, 


.311 










0, 


.283 


0, 


.298 


BllOO-2629 


2, 


.145 


1, 


.838 


2, 


.114 


1, 


.838 


2, 


.114 


J1103+3715 


1, 


.295 


1, 


.239 


1, 


.272 


1, 


.239 


1, 


.272 


B1104-1805a 


2, 


.303 


1. 


.662 


2. 


.270 


1. 


.662 


2, 


.270 


J1107+0048 


1, 


.391 


0. 


.919 


1. 


.367 


0. 


.831 


1, 


.367 


J1107+1628 


0, 


.632 


0. 


.483 


0. 


.616 


0. 


.483 





.616 


J1108+3133 


2, 


.244 


1, 


.194 


2, 


.212 


1. 


.194 


2, 


.212 


J1109+0051 





.957 


0, 


.834 


0, 


.937 


0. 


.803 


0, 


.937 


JlllO+3019 


1, 


.521 


1, 


.245 


1, 


.496 


1. 


.085 


1, 


.496 


B1115+0802a2 


1, 


.722 


1, 


.471 


1, 


.695 


1, 


.471 


1, 


.695 


J1125+5910 


0, 


.852 


0, 


.259 


0, 


.833 


0, 


.259 


0, 


.833 


J1130-1449 


1 


.187 


0, 


.502 


1, 


.165 


0, 


.502 


1 


.165 


J1139-1350 





.554 










0, 


.497 


0, 


.538 


J1143+3452 


3, 


.130 


0, 


.556 


0, 


.880 


0, 


.556 


0, 


.880 


B1146+1103C 


1, 


.100 


0, 


.813 


1, 


.079 


0, 


.795 


1, 


.079 


B1146+1104b 


1, 


.010 


0, 


.852 


0, 


.990 


0, 


.820 


0, 


.990 


B 1148+5454 


0, 


.978 


0. 


.360 


0. 


.958 


0. 


.330 


0, 


.958 


J1150-0023 


1, 


.980 


0. 


.502 


1. 


.751 


0. 


.502 


1, 


.751 


J1151+3825 


1, 


.304 


0. 


.544 


1. 


.281 


0. 


.489 


1, 


.281 


J1208+4540 


1, 


.155 


0. 


.767 


1. 


.133 


0. 


.502 


1, 


.133 


J1211+1030 


2, 


.193 


0. 


.698 


1. 


.751 


0. 


.636 


1, 


.751 


B1216+0655 





.334 


0, 


.309 


0, 


.321 


0. 


.284 





.321 


J1218+1105 


1, 


.403 


1, 


.080 


1, 


.379 


0, 


.572 


1, 


.379 


J1220+3343 


1, 


.532 


1, 


.502 


1, 


.507 


1, 


.415 


1, 


.507 


J1220-0040 


1, 


.411 


0, 


.963 


1, 


.387 


0, 


.963 


1, 


.387 


B1222+2251 


2, 


.046 


1, 


,174 


1, 


.535 


1, 


.174 


1, 


.535 


J1224+0037 


1, 


.482 


1, 


.268 


1, 


.457 


1, 


.268 


1, 


.457 


J1225+0035 


1, 


.226 


1, 


.099 


1, 


.204 


1, 


.038 


1, 


.204 


B1225+3145 


2, 


.219 


1, 


.796 


2, 


.187 


1. 


.796 


2, 


.187 


J1225-0052 





.964 


0. 


.910 


0. 


.944 


0. 


.844 


0, 


.944 


J1226-0006 


1, 


.118 










1. 


.077 


1, 


.097 


J1228+1018 


2, 


.305 


1. 


.392 


2. 


.272 


1. 


.126 


2, 


.272 


J1232-0224 


1, 


.038 


0. 


.761 


1. 


.018 


0. 


.485 


1, 


.018 


B1247+2647 


2, 


.043 


1. 


.470 


2. 


.013 


1. 


.470 


2, 


.013 



Ribaudo, Lehner, & Howk 
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'cm 




Rl 


b 








R2° 






min 




max 




min 




max 


J1247+3209 


0, 


.949 


0, 


.756 


0. 


.930 


0. 


.500 


0, 


.930 


B12.18+3142 


1, 


.020 


0, 


.782 


1, 


.000 


0, 


.771 


1, 


.000 


B1248+4007 


1, 


.030 


0, 


.773 


1, 


.010 


0, 


.773 


1, 


.010 


B4249+2929 


0, 


.820 


0, 


.775 


0, 


.802 


0, 


.775 





.802 


J1254+1141 


0, 


.870 


0, 


.570 


0, 


.851 


0, 


.500 


0, 


.851 


B1259+5918 


0, 


.472 


0. 


.297 


0. 


.457 


0. 


.280 


0, 


.457 


J1313-2716 


2, 


.186 


1. 


.684 


2. 


.154 


1. 


.684 


2, 


.154 


J1319+2728 


1, 


.014 


0. 


.661 


0. 


.994 


0. 


.661 


0, 


.994 


J1319+5148 


1, 


.055 


0, 


.687 


1. 


.034 


0. 


.500 


1, 


.034 


B1320+2925 


0, 


.960 


0, 


.841 


0. 


.940 


0, 


.794 





.940 


J1321+1106 


2, 


.181 


1, 


.971 


2, 


.149 


1, 


.849 


2, 


.149 


J1321+2847 


1, 


.703 


1, 


.135 


1, 


.676 


1, 


.135 


1, 


.676 


J1322+4739 


1, 


.554 


1, 


.072 


1, 


.528 


1, 


.072 


1, 


.528 


J1322+4739 


1, 


.101 


0, 


.921 


1, 


.080 


0, 


.753 


1, 


.080 


J4323-0021 


1, 


.388 


1, 


.331 


1, 


.364 


1, 


.085 


1, 


.364 


B1328+3045 


0, 


.849 


0, 


.790 


0, 


.831 


0. 


.780 


0, 


.831 


B4329+4417 


1, 


.930 


1, 


.283 


1, 


.901 


1, 


.283 


1, 


.901 


J1331+3030 


0, 


.846 


0, 


.701 


0, 


.828 


0, 


.701 


0, 


.828 


B1334-0033 


2, 


.783 


0. 


.803 


2. 


.594 


0. 


.552 


2, 


.594 


J1336+1725 


0, 


.554 


0. 


.502 


0. 


.538 


0. 


.502 


0, 


.538 


J1341+0059 


1, 


.714 


1. 


.597 


1. 


.687 


1. 


.597 


1, 


.687 


J1341+4123 


1, 


.204 


0, 


.683 


1, 


.182 


0, 


.502 


1, 


.182 


J1342+6021 


0, 


.961 


0, 


.258 


0, 


.941 


0, 


.258 


0, 


.941 


J1343+2844 


0, 


.905 


0, 


.704 


0, 


.886 


0, 


.499 


0, 


.886 


J1345-0023 


1, 


.095 


0, 


.811 


1, 


.074 


0. 


.784 


1, 


.074 


J1351-0007 


1 


.444 


1, 


.159 


1, 


.420 


1, 


.159 


1, 


.420 


J1354+0052 


1, 


.121 


0, 


.667 


1, 


.100 


0. 


.667 


1, 


.100 


J1357+1919 


0, 


.719 


0, 


.608 


0, 


.702 


0, 


.497 


0, 


.702 


J1404-0130 


2, 


.522 


1, 


.719 


2, 


.482 


1, 


.719 


2, 


.482 


J1409+2618 


0, 


.945 


0, 


.502 


0, 


.926 


0, 


.502 


0, 


.926 


J1418+1703 


0, 


.821 


0, 


.725 


0, 


.803 


0, 


.495 


0, 


.803 


J1419-0036 


0, 


.969 


0. 


.822 


0. 


.949 


0. 


.822 


0, 


.949 


J1420-0054 


1, 


.458 


1. 


.332 


1. 


.433 


1. 


.332 


1, 


.433 


J1423+3252 


1, 


.905 


1. 


.490 


1. 


.876 


1. 


.176 


1, 


.876 


J1426+0051 


1, 


.333 


0, 


.940 


1, 


.310 


0, 


.838 


1, 


.310 


J 1427-1 203 


0, 


.805 










0, 


.652 


0, 


.787 


J1431+3952 


1, 


.215 


0, 


.823 


1, 


.193 


0. 


.803 


1, 


.193 


J1431-0050 


1, 


.188 


0, 


.942 


1, 


.166 


0, 


.858 


1, 


.166 


B1435+6349 


2, 


.068 


1, 


.938 


2, 


.037 


1, 


.938 


2, 


.037 


J 1436-0051 


1, 


.273 


1, 


.109 


1, 


.250 


0, 


.919 


1, 


.250 


J1437-0147 


1, 


.310 


0, 


.499 


1, 


.287 


0, 


.499 


1, 


.287 


J 1455-0045 


1, 


.375 


1, 


.095 


1, 


.351 


1, 


.095 


1, 


.351 


J1501+0019 


1, 


.930 


1, 


.486 


1, 


.901 


1, 


.486 


1, 


.901 


J1502-4154 


1, 


.026 










1, 


.001 


1, 


.006 


J1504+0122 





.967 


0. 


.271 


0. 


.882 


0. 


.259 


0, 


.882 


J1513+1011 


1, 


.546 


1. 


.042 


1. 


.521 


1. 


.042 


1, 


.521 


B1517+2356 


1, 


.903 


1. 


.725 


1. 


.874 


0. 


.820 


1, 


.874 


B1517+2357 


1, 


.834 


0. 


.821 


1. 


.806 


0. 


.800 


1, 


.806 


J1521-0009 


1, 


.318 


1. 


.094 


1. 


.295 


0, 


.955 


1, 


.295 


J1524+0958 


1, 


.324 


0. 


.501 


1, 


.301 


0, 


.501 


1, 


.301 


J1527+2452 


0, 


.993 










0, 


.946 


0, 


.973 


J1537+0021 


1, 


.754 


1, 


.632 


1, 


.726 


1, 


.632 


1, 


.726 


J1537+3358 


1, 


.025 


0. 


.902 


1, 


.005 


0. 


.902 


1, 


.005 


J1539+4735 


0, 


.772 


0. 


.715 


0, 


.754 


0, 


.520 


0, 


.754 


B1542+5408 


2, 


.371 


0, 


.996 


2, 


.337 


0, 


.996 


2, 


.337 


B1544+4855 


0, 


.400 


0, 


.331 


0, 


.386 


0. 


.322 


0, 


.386 


J1544+5912 


0, 


.807 


0, 


.260 


0, 


.789 


0, 


.259 


0, 


.789 


J1601+1714 


1, 


.952 


1. 


.581 


1. 


.736 


1. 


.538 


1, 


.751 


J1614+4704 


1, 


.860 


1. 


.405 


1. 


.831 


1. 


.405 


1, 


.831 


J1619+3813 


1, 


.124 


0. 


.258 


0. 


.883 


0. 


.258 


0, 


.883 


J1620+1736 


0, 


.555 


0. 


.535 


0. 


.539 


0. 


.488 





.539 


B1622+2352 


0, 


.927 


0. 


.891 


0. 


.908 


0. 


.891 


0, 


.908 


B1623+2653 


2, 


.526 


1, 


.042 


2, 


.491 


1. 


.042 


2, 


.491 


J1629+3808 


1, 


.461 


1, 


.110 


1, 


.436 


0, 


.981 


1, 


.436 


J1631+1156 


1, 


.792 


1, 


.112 


1, 


.764 


0, 


.974 


1, 


.764 


J1637+2509 


1, 


.110 


0, 


.999 


1, 


.089 


0. 


.888 


1, 


.089 


J1649+3046 


1, 


.123 


1, 


.072 


1, 


.102 


1, 


.072 


1, 


.102 


J1658+0515 





.879 


0, 


.539 


0, 


.860 


0, 


.499 


0, 


.860 


B1704+6048 





.371 


0, 


.312 


0, 


.357 


0, 


.283 


0, 


.357 


J1704+7057 


2, 


.015 


1, 


.810 


1, 


.985 


1, 


.029 


1, 


.985 


J1706+3615 


0, 


.918 


0, 


.826 


0, 


.899 


0, 


.794 


0, 


.899 


J1712+5559 


1, 


.358 


1, 


.209 


1, 


.334 


1. 


.209 


1, 


.334 


B1715+5331 


1, 


.940 


1. 


.470 


1. 


.911 


1. 


.470 


1, 


.911 


J1716+5654 


0, 


.937 










0. 


.905 


0, 


.918 


B1718+4807 


1, 


.084 


0. 


776 


1. 


.063 


0. 


.776 


1, 


.063 
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29 









R2<= 


Object^' 









J1722- 


f5442 




215 


n 








n 

u. 


■ 0\J^ 


1 1 Q'i 
1 . lyo 


J1727- 


f5302 




444 




. uoz 




420 


^ 


. UOZ 


1 420 


J1729- 


f5758 




342 










n 
u. 


824 


1 "^1 Q 
1 .oiy 


J1733- 


f5533 




079 


n 


QQQ 






n 


QQQ 

.yyy 


1 0^1 

1 .UO-L 


B1821+1042 




.ouu 


]^ 


252 




.oou 




252 


1 .oou 


J1858- 


f5645 




. OVD 


]^ 


234 








234 


± . ouy 


J1902- 


f3159 


n 
u 




n 


482 


n 




n 


482 


n fil Q 
u.uiy 


J2051- 


fl950 


2 


.ou / 


1 


.OOO 


2 


.OOO 




747 

.14:/ 




B2145+0643 


Q 


.999 


0. 


.820 


0. 


.979 


0. 


.802 


0.979 


J2151- 


f2130 




. oo^ 


]^ 


1 7n 

. 1 ( u 


]^ 


.ouy 




. UU4: 


1 . ouy 


J2154- 


-4414 


n 
u 


344 


n 




n 


.OO-L 


n 
u. 


.zou 


U.OO-i- 


J2215- 


-2944 


2 


7nfi 

. ( uu 


n 


.you 


2 


. oy^ 


n 


S(^9 
.ouz 


9 f^QA 

z. oy4: 


B2216 


-0350 





.901 










0. 


.862 


0.882 


J2233- 


-6033 


2, 


.238 


0, 


.265 


2, 


.206 


0, 


.263 


2.206 


J2246- 


-1206 


0, 


.630 


0, 


.499 


0, 


.614 


0, 


,499 


0.614 


J2253- 


fl608 


0, 


.859 


0, 


.793 


0, 


.840 


0, 


,537 


0.840 


J2258- 


-2758 


0, 


.927 


0, 


.819 


0, 


.908 


0, 


.790 


0.908 


J2328- 


f0022 


1, 


.308 


0, 


.836 


1, 


.285 


0, 


,809 


1.285 


J2331- 


f0038 


1, 


.486 


1, 


.143 


1, 


.461 


1, 


,143 


1.461 


J2334- 


f0052 


1, 


.040 


0, 


.854 


1, 


.020 


0, 


.823 


1.020 


J2339- 


-0029 


1, 


.340 










1, 


,155 


1.317 


J2342- 


-0322 


0, 


.896 


0, 


.539 


0, 


.877 


0, 


,499 


0.877 


J2346- 


f0930 


0, 


.673 


0, 


.614 


0, 


.656 


0, 


,499 


0.656 


J2352- 


-0028 


1, 


.624 


1, 


.345 


1, 


.598 


1, 


,318 


1.598 


J2355- 


-3357 


0, 


.702 


0, 


.497 


0, 


.685 


0, 


,486 


0.685 



^ Objects with a B preface designate objects listed with coor- 
dinates from the Bessehan epoch (1950). These objects were ob- 
served with the FOS high resolution gratings and can be found in 
IBechtold et al.l 1)20021 ) . Objects with a J preface designate objects 
listed with coordinates from the Julian epoch (2000). These objects 
were observed with either the FOS low resolution gratings or the 



STIS low resolution gratings described in § |3] and listed in Table [T] 
and Table [2] 

T > 1 
^ T>2 
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TABLE 4 
List of LLSs. 





^cm 


^LLS 




1 AT 
log iVHI 




1 n s t r u mGiit; 


B0002-4214 


2 


.760 


2.301 


> 4.06 


> 17.81 


R1,R2 


FOS-H 


J0012-0122 


1 


.998 


1.727 


1.70 ± 0.08 


17 44+0-01 


Rl 


STIS 


J0012-0122 


1 


.998 


1.387 


> 2.33 


> 17.57 


Mgll 


STIS 


J0021+0043 


]^ 


.243 


0.943 


> 2.97 


> 17.67 


Mgll 


STIS 


Tnno 1 1 n 1 n /I 


X 


.829 


1.576 


> 2.47 


> 17.59 


Mgll 


b 1 lb 


JUUzl— Ui2(5A 


1 


.588 


1.499 


0.96 ± U.07 


1 7 1 Q+0-03 
' ■-'-^-0.04 


PLLS 


STIS 


J0021-0128A 


1, 


.588 


1.409 


1.16 ±0.13 


1 T ov+0,U4 
-^'•^'-0,06 


Rl 


STIS 


J0021-0128A 


1, 


.588 


1.243 


> 2.01 


> 17.50 


R2 


STIS 


J0038-3504 


1, 


.519 


1.517 


0.87 ± 0.04 


17 14+002 

—0.02 


PLLS,Prox 


STIS 


J0038-3504 


1, 


.519 


1.114 


0.22 ± 0.08 


16.55 r\ 


PLLS 


STIS 


J0039-3528 


0, 


.836 


0.838 


> 1.84 


> 17.47 


Prox 


STIS 


J0043-2622 


3, 


,053 


1.880 


1.38 ±0.15 


-,7 04+0.0.5 


Rl 


STIS 


J0043-2622 


3, 


,053 


1.384 


> 1.71 


> 17.43 


LQ 


STIS 


B0058+0155 


1, 


,954 


1.463 


0.77 ±0.05 


17.09lO';!^ 


PLLS 


FOS-H 


.10102-0853 


1, 


,682 


1.185 


> 2.49 


> 17.60 


R1,R2 


STIS 


J0106+0105 


1, 


,611 


1.356 


> 2.68 


> 17.63 


Mgll 


STIS 


J0109-2307 


0. 


.818 


0.821 


> 1.72 


> 17.44 


Prox 


STIS 


J0116-0043 


1, 


.263 


0.915 


> 1.89 


> 17.48 


Mgll 


STIS 


rSOliy— 04o 1 


1 


.925 


1.964 


1.81 ± 0.04 


17.46_o 


Prox 


r Uo-rl 


J0120+2133 




.500 


1.327 


1.58 ± 0.06 


17.40^0;°? 


Rl 


FOS-L 


J0120+2133 


1 


.500 


1.050 


2.61 ± 0.31 


17 fi9+0-05 


R2 


FOS-L 


J0123-0058 


1 


.550 


1.412 


> 2.79 


> 17.65 


Mgll 


STIS 


J0126-0105 


1, 


.609 


1.193 


> 2.73 


> 17.64 


Mgll 


STIS 


J0134+0051 


1, 


.522 


1.449 


1.07 ±0.09 


I 7 9Q+0.04 

I I .zo_„ Q4 


Rl 


STIS 


J0134+0051 


1, 


.522 


1.274 


> 1.81 


> 17.46 


LQ 


STIS 


J0138-0005 


1, 


.340 


1.342 


0.64 ±0.10 


17.01+0-0? 

— U.U7 


PLLS,Prox 


STIS 


ini 30-0023 


1, 


.384 


1.089 


1 fi=i + 22 


17 42+0 06 


Rl 


STIS 




2, 


.611 


9 91 




■\ 1 7 «7 


R 1 R9 


X xo 


B0143-0135 


3, 


.124 


1.612 


> 2.59 


> 17.61 


R1,R2 


FOS-H 


J0144+3411 


1, 


,450 


1.243 


1.82 ± 0.07 


17.46+0 02 

' ^—0.01 


Mgll 


FOS-L 


J0148+3854 


1, 


,442 


1.215'^ 


> 2.66 


> 17.62 


R2 


FOS-L 


.10153+0009 


0, 


,837 


0.773 






MgII,Bluc 


STIS 


J0153+0052 


1, 


,163 


1.062 


> 2.80 


> 17.65 


Mgll 


STIS 


J0157-0048 


1, 


.545 


1.417 


> 3.76 


> 17.78 


Mgll 


STIS 


B0207-3953 




.Sic) 


2.480 


> 3.33 


> 17.72 


R1,R2 


FOS-H 


J 0208-0503 


1 

X. 


.oou 


1.072 


> 1.80 


> 17.46 


DLA 


STIS 


J0210-0152 


2, 


.370 


2.381 


1.29 ± 0.38 


^ +0.12 


LQjProx 


STIS 


J0210-0152 


2, 


.370 


2.147 


> 1.66 


> 17.42 


LQ 


STIS 


J0241-1514 


2, 


.786 


2.198 


1.45 ± 0.32 


17 qfi+O'Oa 


LQ 


STIS 


J0241-1514 


2, 


.786 


1.839*^ 


> 2.11 


> 17.52 


LQ 


STIS 


J0256-0126 


0, 


.879 


0.814'' 


> 3.43 


> 17.74 


R1,R2 


FOS-L 


70304-0008 


3, 


.290 


2.112 


79 + 09 


17 10+0-05 


PLLS 


STIS 


JUOU'i UUUo 


3, 


.290 




n 79 -1- n 1 1 


17 06+0 06 




X xo 


J0318-2012 


2, 


.869 


2.090 


> 2.83 


> 17.65 


R2 


STIS 


dUOOU OUU 1 


1 


. uyo 


0.871^^ 


> 2.14 


> 17.53 


R2 


FOS-L 


JUoo4— z i Z4 


o 
Z 


.oZo 


1.858'^ 


> 2.51 


> 17.60 


R2 


bllb 


Tn /111 /I n c; c 
JU4il— 4yoD 


0, 


.817 


0.785 


> 1.25 


> 17.30 


1 

Rl 


bllb 




2, 


.159 


Z.UOD 


j> o.yi 


^17 7Q 


R 1 R9 

rxi ,x\,z 


X WO-Xl 


J0452-1640 


2, 


.600 


1.008 


> 2.11 


> 17.52 


Mgll 


STIS 


J0453-1305 


2 


.300 


2.068 


> 4.28 


> 17.83 


R1,R2 


STIS 


B0453-4220 


2 


.660 


2.304 


> 4.08 


> 17.81 


R1,R2 


FOS-H 


B0454+0356 


-1 
1 


. O^O 


1.153 


1.13 ± 0.04 




Rl 


FOS-H 


B0454+0356 


1 


.345 


0.993 


0.68 ± 0.04 


17 04+0-02 


PLLS 


FOS-H 


B0454+0356 


1 


.345 


0.858 


> 2.41 


> 17.58 


R1,R2 


FOS-H 


B0454-2203 





.534 


0.473 


> 3.43 


> 17.74 


R1,R2 


FOS-H 


Tnc; 1 A Q QO^; 
JUoi4— Ov5ZD 


1 


.569 


1.138 


> 3.73 


^17 77 


R1,R2 


D lib 


oyj'j tj/j^yj 


1, 


.569 


0.935 






Blue 


STIS 




2, 


.432 


1814 


n so -1- n 




PT T Q 




JUoUD-rOU4i 


2, 


.432 




U.Dc5 ± U.Uu 


17 04+0-03 
17.04_Q 04 


PT T G 


QrpTQ 


J0806+5041 


2, 


.432 


1.322 


0.71 ±0.09 


17.06t0;05 


PLLS 


STIS 


J0806+5041 


2, 


.432 


1.065 


0.50 ±0.19 


lO.OOiO;!'^ 


PLLS 


STIS 


J0813+4813 


0, 


.871 


0.866 


> 2.11 


> 17.52 


Prox, 21cm 


FOS-L 


J0839+5256 


1, 


,545 


0.328 


1.21 ± 0.27 


17 29+0-09 


Rl 


STIS 


B0848+1623 


1, 


,936 


1.926 


> 4.71 


> 17.87 


Prox 


FOS-H 


J0912+2450 


0, 


,654 


0.376 


0.50 ±0.05 


16 90+0 04 

1D.9U_Q 04 


PLLS 


STIS 


B0933+7315 


2, 


,528 


2.332 


> 4.00 


> 17.80 


R1,R2 


FOS-H 


B0933+7315 


2, 


.528 


1.508*' 


> 1.67 


> 17.42 


LQ 


FOS-H 
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Object* 


2^em 




TLLS 


log Nhi 


Sample^ 


Instrument^* 


BU9o5+4141 


I 


.937 


1.465 


> 4.81 


> 17.88 


R1,R2 


FOS-H 


TnQzL4-l-9'^'^/l 


2, 


.910 


2.235 


> 2.98 


> 17.67 


Rl R2 


STIS 


TnO/1 A 1 OK^A 

JUy44H-zoo4 


2, 


.910 


1.400 


1 QQ J- n QO 


,y OQ + 0.09 




o i io 




1, 


.892 


1.235 


> 3.00 


> 17.68 


DLA 


STIS 


B0953+5454 


2, 


.584 


2.510'' 


> 4.00 


> 17.80 


R1,R2 


FOS-H 


J0953-0038 


1 


.382 


1.016 


> 2.30 


> 17.56 


R1,R2 


STIS 


B0958+5509 


1, 


.750 


1.733 


> 5.31 


> 17.93 


Prox 


FOS-H 


J1001+5553A 


1, 


.413 


1.392 


> 4.57 


> 17.86 


Prox 


STIS 


J1001+5553B 


1, 


.413 


1.392 


> 4.68 


> 17.87 


Prox.GL 


STIS 


J 1008-0018 


1, 


.350 


1.196 


1.13 + 0.06 




Rl 


STIS 


J1009+0036 


1, 


.702 


0.973 


> 2.17 


> 17.54 


Mgll 


STIS 


J 1009-0026 


1, 


.244 


1.145 


0.48 ± 0.08 


16.88iro8 


PLLS 


STIS 


J1009-0026 


1, 


.244 


1.118 


0.33 + 0.07 


16.72+°-?« 

— (J. 11 


PLLS 


STIS 


J1009-0026 


1, 


.244 


0.889 


> 1.87 


> 17.47 


Mgll 


STIS 


J1009-0026 


1 


.244 


0.843 






Mgll,Bluc 


STIS 


JlOlO+0003 


1 


.oyy 


1.266 


> 3.12 


> 17.69 


Mgll 


STIS 


J 1010-0047 


1 


.671 


1.328 


> 3.58 


> 17.75 


Mgll 


STIS 


JlOll+1304 


1, 


.287 


0.900 


1.36 + 0.11 


_ o .1+0.03 


Rl 


FOS-L 


B1017+2759 


1, 


.928 


1.608 


1.52 + 0.05 


l/.Ciy_g (J2 


Rl 


FOS-H 


J1017+5356 


1. 


.400 


1.307 


> 3.13 


> 17.69 


DLA 


STIS 


J1022+0101 


1, 


.563 


1.560 


2.09 + 0.11 


17 co+O OS 

l/.OZ_Q Q2 


Prox 


STIS 


J1022+0101 


1, 


.563 


1.427 


> 1.89 


> 17.48 


Mgll 


STIS 


J1022+3041 


1, 


.318 


0.435 


0.41 + 0.08 


16.82tn^ 


PLLS 


STIS 


J1022+3041 


1, 


.318 


0.346 


2.40 + 0.31 


17.58l°:°« 


DLA 


STIS 


J1024+1912 


0, 


.828 


0.530'' 


> 2.23 


> 17.55 


R2 


FOS-L 


J1032+0003 


1, 


.190 


1.105 


> 2.72 


> 17.63 


Mgll 


STIS 


J1037+0028 


1 


.733 


1.425 


> 2.97 


> 17.67 


Mgll 


STIS 


J1042+1203 


1 


.028 


0.661 


0.57 + 0.13 


16.96+«-'» 


PLLS 


FOS-L 


B 1047+5503 


2, 


.165 


1.637 


0.84 + 0.05 


, 7 , O+0.03 

' --"-"'-o.os 


PLLS 


FOS-H 


J1048+0032 


1 


.649 


1.194 


> 2.61 


> 17.62 


R1,R2 


STIS 


J1054-0020 


1 


.021 


0.952 


> 1.61 


> 17.41 


Mgll 


STIS 


J1058+1951 


1 


.110 


1.037 


2.22 + 0.13 


1 ( .00_(, 02 


R1,R2 


FOS-L 


B 1100-2629 


2, 


.145 


1.838 


> 5.42 


> 17.93 


R1,R2 


FOS-H 


J1103+3715 


1, 


.295 


1.246 


> 2.15 


> 17 53 


R1,R2 


STIS 


B1103+6416 


2, 


.190 


1.892 


1.81 + 0.03 


17.46+°°i 

—0.00 


lUE 


FOS-H 


"Dl 1 HQ 1 fiA 1 R 


o 

Z. 


1 on 


u.y /o 


n QA J- n nT 
U.o4 it U.U/ 


1R 7Q+0.09 
16.73_g 10 


TTTT? 
lUlli 


r IJo-rl 


B1104-1805a 


2, 


.303 


2.201 


0.20 + 0.03 


1 R ^1 +O.Ub 


PLLS 


FOS-H 


B1104-1805a 


2, 


.303 


1.662 


> 4.55 


> 17.86 


DLA 


FOS-H 


B1104-1805b 


2 


.303 


2.201 


0.60 ± 0.04 


16.98in^ 


PLLS 


FOS-H 


B1104-1805b 


2, 


.303 


1.662 


1.99 + 0.21 


17.501°:- 


DLA 


FOS-H 


J1107+0048 


1, 


.391 


1.082 


1.03 + 0.06 




Mgll 


STIS 


J1108H-3133 


2, 


.244 


2.106 


1.50 + 0.07 


17.381°;°^ 


Rl 


STIS 


J1108+3133 


o 

z. 


OA A 


1.200 


> 2.11 


> 17.52 


R1,R2 


STIS 


JlllO+3019 


1, 


.521 


1.030 


> 1.64 


> 17.41 


DLA 


STIS 


7111 o_i_nni Q 


1, 


.433 




\ O CO 


\ T 7 fin 


Prox 


O i ID 




0, 


.852 


0.558 


Kj'tjij _i_ yj'KJtj 


16 72+°-°«* 

ID. (Z_Q (jg 


PLLS 


STIS 


J1126+0034 


1, 


.783 


1.793 


> 3.49 


> 17.74 


Prox 


STIS 


J1143+3452 


3, 


.130 


0.556*' 


> 4.48 


> 17.85 


R1,R2 


STIS 


J1150-0023 


1, 


.980 


1.446 


0.95 + 0.05 


17.18+°°? 

— 0.03 


PLLS 


FOS-L 


J1151+3825 


1 


.304 


0.548 


1.69 + 0.12 


17 43+°-°? 


Mgll 


FOS-L 


Ti onQ 1 A^Ar\ 
J izUo+4o4U 


1, 




U.yzo 


n TCI -L n rid 
U. / y it U.UO 


17 in+0-03 
l'-l'J-0.04 






J1218+1105 


1. 


.403 


1.266 


0.66 + 0.06 




PLLS 


FOS-L 


J1218H-1105 


1. 


.403 


1.110 


0.74 + 0.08 


17 07+°-°'^ 
-0.04 


PLLS 


FOS-L 


J1220+3343 


1, 


.532 


1.502 


1.85 + 0.13 


17 47+0.03 


Rl 


STIS 


J1220-0040 


1. 


.411 


0.976 


> 1.97 


> 17.49 


Mgll 


STIS 


B1222+2251 


2, 


.046 


1.174 


0.71 + 0.13 


17 n5+°°® 


PLLS 


FOS-H 


J1224+0037 


I 


.482 


1.364 


0.68 + 0.07 


17 ns+°-""' 


PLLS 


STIS 


J1224+0037 


1. 


.482 


1.268 


> 2.69 


> 17.63 


Mgll 


STIS 




2, 


.219 


1 . / yo 


^ O. 1 o 


^ ± 1 .yo 


R 1 R 2 




J1228+1018 


2, 


.305 


0.939 


> 0.69 


> 17.04 


Mgll 


STIS 


J1232-0224 


1, 


.045 


0.832 


1.26 + 0.08 


17.30ini 


21cm 


FOS-L 


J1232-0224 


1, 


.045 


0.772 


0.51 + 0.09 


16.921?,:'^^ 


21cm 


FOS-L 


,11308+3005 


0, 


.803 


0.821 


2.93 + 0.22 


17 «7+0-03 
J^'-0(_Q 03 


Prox 


FOS-L 


J1313-2716 


2, 


.186 


1.684 


> 4.34 


> 17.84 


R1,R2 


STIS 


J1319+2728 


1, 


.014 


0.661 


3.08 + 0.26 


17.69l°;°t 


R1,R2 


FOS-L 


B1320+2925 


0, 


.960 


0.872 


1.37 + 0.12 


17.34t°;°l 


Rl 


FOS-L 
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TABLE 4 — Continued 



Object* 






"TjLS 


log A^HI 


Sample^ 


Instrument'' 


J1321+1106 


2. 


.181 


1.849'' 


> 2.63 


> 17.62 


R2 


STIS 


J1321+2847 


1. 


.703 


1.135 


2.56 ± 0.26 


17 61+° °'* 


R1,R2 


FOS-L 


J1322+4739 


1, 


.554 


1.435 


1.27 ±0.04 


J~ 0,-1-0.01 


Rl 


STIS 


J1322+4739 


1, 


.554 


1.078 


> 2.44 


> 17.59 


R1,R2 


STIS 


B1323+6530 


1, 


.618 


1.609 


> 4.18 


> 17.82 


Prox 


FOS-H 


B1329+4117 


1, 


.930 


1.841 


0.38 ± 0.03 


16.78tn3 


PLLS 


FOS-H 


B1329+4117 


1, 


.930 


1.602 


1.02 ± 0.04 


17.21+[!-«2 
— u.uz 


Mgll 


FOS-H 


B1329+4117 


1, 


.930 


1.283 


> 2.76 


> 17.64 


Mgll 


FOS-H 


B 1334-0033 


2, 


.783 


2.201 


0.81 ± 0.03 


17.12+°°' 

—0.02 


PLLS 


FOS-H 


J1341+0059 


1, 


.714 


1.597 


> 3.25 


> 17.71 


R1,R2 


STIS 


T1 341 -1-41 23 


1 


.204 


1.063 




16 07+0 03 


PLLS 


FOS-L 


T 1 Q c; 1 nnn'7 
J iool— UUU I 




.444 


1.159^ 


> 3.67 


> 17.76 


R1,R2 


r Ub-L 


J 1354-1-0052 


1 


.121 


0.666 


> 3.74 


> 17.77 


R1,R2 


FOS-L 


TIAOA 01*^0 
J i^U4— UioU 


2, 


.522 


1 71 Q 


^ O.OD 


^ 1 1 . / 


p? 1 R 9 

Ivl ,rtz 


1 10 


J1419-0036 


0, 


.969 


0.823 


> 1.32 


> 17.32 




STIS 


J1420-0054 


1, 


.458 


1.348 


> 3.66 


> 17.76 


Mgll 


STIS 


J1423-I-3252 


1 


.905 


1.491 


3.46 ± 0.11 


17 74+°-0? 
' ' -0.01 


R1,R2 


STIS 


T1 423-1-3252 


1 


.905 


1.176 


> 2.09 


> 17.52 


R2 


STIS 


J1426-I-0051 


1, 


.333 


0.844 


> 1.29 


> 17.31 




STIS 


J1427-1203 


0, 


.805 


0.652'' 


> 2.76 


> 17.64 


R2 


FOS-L 


J1431-0050 


1, 


.188 


0.858 


> 1.51 


> 17.38 


LQ 


STIS 


B1435-I-6349 


2, 


.068 


1.938 


1.88 ± 0.07 


17.48t0-0^ 


Rl 


FOS-H 


B1435-I-6349 


2, 


.068 


1.925 


> 3.03 


> 17.68 


LQ 


FOS-H 


J1436-0051 


1 


,273 


1.264 


0.98 ± 0.06 


17 2o+;';":^ 


PLLS 


STIS 


T1 436-0051 


1, 


.273 


0.930 


> 1.78 


> 17.45 


Mgll 


STIS 


J1455-0045 


1, 


.375 


1.095 


> 3.12 


> 17.69 


Mgll 


STIS 


J150H-0019 


1, 


.930 


1.486 


> 3.50 


> 17.74 


Mgll 


STIS 


J1513+1011 


1 


.546 


1.042'' 


> 3.71 


> 17.77 


R1,R2 


FOS-L 


B1517-I-2356 


1, 


.903 


1.887 


0.53 it 0.03 


16.93t°;°^2 


PLLS 


FOS-H 


B1517-1-2356 


1, 


.903 


1.725 


1.95 ± 0.09 


17.491°;°? 


Rl 


FOS-H 


J1521-0009 


1, 


.318 


0.961 


> 1.92 


> 17.48 


Mgll 


STIS 


J1525+0026 


0, 


.801 


0.797 


> 1.33 


> 17.33 


Prox 


STIS 


J1537+0021 


1, 


.754 


1.647 


> 3.41 


> 17.73 


Mgll 


STIS 


J1537+3358 






0.915 


> 3.03 


> 17.68 


DLA 


STIS 


J1539H-4735 


0. 


.772 


0.730 


1.21 ±0.10 


J- 2Q+0.03 

i'-zy_o.o4 


Rl 


FOS-L 


J1601-I-1714 


1, 


.952 


1.581 


1.87 ±0.27 


17.48t°:°? 


Rl 


FOS-L 


J1614-t-4704 


1, 


.860 


1.867 


0.47 ± 0.04 


16.87+°-°3 


Prox,PLLS 


STIS 


T1fi14-l-4704 


1, 


.860 


1.735 


54 + 05 


16 93+S Si 


PLLS 


STIS 


J1614+4704 


1, 


.860 


1.411 


> 3.98 


> 17.80 


R1,R2 


STIS 


B1622+2352 


0, 


,927 


0.891 


> 2.24 


> 17.55 


Mgll 


FOS-H 


J1623+2658 


2 


,526 


1.042 


> 3.08 


> 17.69 


R1,R2 


FOS-L 


J1629+3808 


1 


,461 


1.110 


1.60 ±0.09 


1 7 41 +u.u^ 
-^-^-0.02 

16.661°:",; 


Rl 


FOS-L 


B1630+3744 




,^ / o 


1.096 


0.29 ± 0.04 


PLLS.IUE 


FOS-H 


J16314-1156 


1 


7Q2 


0.902 


> 1.51 


> 17.38 


Mgll 


STIS 


J iuo / +zouy 


1 


,110 


U.oy4 


> 1.00 


> 1 ( .oy 


r^T A 
UljA 


i lo 




1, 


,123 


1.078 


> 3.41 


> 17.73 


Rl R2 


STIS 


71 7ni -UfiAl 9 


2, 


.722 


2 293 


u.oj. zn u.uo 


io.t>y_o.o8 


PT T C2 TT1F 


STTS 


J1701+6412 




. / zz 


2.160 


0.51 ± 0.05 


16.92l°:°| 


PLLS,IUE 


STIS 


J1701+6412 


2, 


.722 


1.846 


0.39 zb 0.06 


16.801°:°? 


PLLS,IUE 


STIS 


J1701+6412 


2, 


,722 


1.725 


0.56 ±0.07 


16.95l°-°| 


PLLS,IUE 


STIS 


J1704+7057 


2 


,015 


1.810 


2.60 ± 0.13 


17 62+°'0? 


R1,R2 


STIS 


T1 TA/I _l_'7nc;'7 
J 1 /U4H- / UO / 


2 


015 


1. iUi 


> Z.ol 


> 1 / .OD 


R9 


1 lo 


oil iz-|-oooy 


;[ 


,358 


1 900 


'i fin 


^17 


IVigli 


1 10 


B1715-I-5331 


1, 


,940 


1.633 


U.64 ± U.03 


, _ „i +0.02 


PLLS 


FOS-H 


J1727-I-5302 


1, 


,444 


1.032 


> 2.49 


> 17.60 


Mgll 


STIS 


J1727-I-5302 


^ 


AAA 


0.948 




lD.(t_o 05 


Mgll, Blue 


STIS 


J1729-I-5758 


1, 


,342 


1.130 


0.35 ± 0.04 


PLLS 


STIS 


J1733-I-5533 


1, 


,072 


1.000 


> 3.29 


> 17.72 


Mgll 


STIS 


71 736-1-5938 


1, 


,410 


1.400 


> 3.50 


> 17.74 




STIS 


B1821-I-1042 


1, 


,360 


1.252 


> 3.27 


> 17.71 


Mgll 


FOS-H 


J1858-I-5645 


1, 


,595 


1.235 


> 3.65 


> 17.76 


Mgll 


STIS 


J2051-I-1950 


2, 


,367 


1.747'' 


> 2.96 


> 17.67 


R2 


STIS 


J2144-0754 


1, 


,811 


1.802 


> 3.55 


> 17.75 


Prox 


STIS 


J215H-2130 


1, 


,534 


1.004 


> 1.87 


> 17.47 


Mgll 


STIS 


J215H-2130 


1, 


,534 


0.915 






MgII,Blue 


STIS 


J2215-2944 


2, 


,706 


1.954 


1.77 ±0.06 


17 45+0.02 
i'-''o_o 01 


Rl 


STIS 


J2215 2944 


2, 


,706 


1.900 


0.44 ± 0.08 


-,f. Of +0,07 


PLLS 


STIS 


J2215 2911 


2, 


,700 


l.()10 


().()2 ± 0.09 


i(i.99i;;:;;;; 


i'LLS 


STIS 



HST Study of LLSs 

TABLE 4 — Continued 



33 



Object'' 






TXLS 


log A^Hi 


Sample*^ 


Instrumcnf* 


J2233-6033 


2.238 


1.929 


1.53 ± 0.03 


17.39l«;«l 


Rl 


STIS 


J2233-6033 


2.238 


1.872 


0.48 ± 0.03 


16.881^^2 


PLLS 


STIS 


J2331+0038 


1.486 


1.143 


> 3.77 


> 17.78 


Mgll 


STIS 


J2339-0029 


1.340 


0.967 


> 1.98 


> 17.50 


Mgll 


STIS 


J2352-0028 


1.624 


1.245 


> 2.62 


> 17.62 


Mgll 


STIS 



Objects with a B preface designate objects listed with coor- 
dinates from the Besselian epoch (1950). These objects were ob- 
served with the FOS high resolution gratings and can be found in 
IBechtold et al.l II2002I) . Objects with a J preface designate objects 
listed with coordinates from the Julian epoch (2000). These objects 
were observed with either the FOS low resolution gratings or the 
STIS low resolution gratings described in §|3]and listed in Table [T] 
and Table [2] 

^ Redshifts marked b indicate the break of the Lyman limit was 
used to determine the redshift of the absorber. Unmarked redshifts 
indicate the Lyman series lines were used to determine the redshift 
of the absorber. 

The sample (Rl or R2) where a LLS was discovered. An ab- 
sorber is marked Rl if zlls ^ -^min for that object and tlls 1- 
An absorber is marked R,2 if 2:lls ^ ^min for that object and 



TXLS ^ 2. The rest of the designations indicate why an absorber 
was not included in the statistical analysis. Blue, the redshift of 
the absorber is blueward of ^min for that object; DLA, a known 
DLA prior to observation; GL, part of a gravitationally lensed sys- 
tem (for these systems, we did not include any absorbers associated 
with the lensing object); Mgll, known strong Mg II system prior 
to observation; PLLS, tlls < 1; LQ, zlls < ^min for that object 
(this occurred in systems where we could identify the Lyman series 
of a system, but the break occurred outside of our established ac- 
ceptalale redshift path); lUE, objects previously observed with lUE 
(these objects were targeted with HST because of their strong UV 
flux as measured from lUE observations); 21 cm, known strong 21 
cm system prior to observation; and finally, Prox, absorbers where 
^LLS 5: 3000 km s~^ from Zem- 

The instrument used to observe the object (see ii[3t. 
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TABLE 5 

Redshift Density of LLSs for R1 and R2. 



z AX /\z N (zLLs) l{z) liX) ArLLS (Vo' ^^P^) 

tlls > 1 




0.255,2.594 
0.255, 1.060 
1.060, 1.423 
1.423, 1.824 
1.824,2.594 


195.73 79.23 61 1.434 0.77 ±0.11 0.31 ± 0.04 
59.13 29.54 15 0.785 0.51 ± 0.14 0.25 ± 0.07 3047 
48.54 19.56 16 1.194 0.82 ± 0.22 0.33 ± 0.09 1213 
45.63 16.47 15 1.613 0.91 ± 0.25 0.33 ± 0.09 731 
42.44 13.66 15 2.142 1.10 ±0.32 0.35 ±0.10 392 


TLLS > 2 




0.242, 2.594 
0.242, 1.078 
1.078, 1.544 
1.544, 1.947 
1.947, 2.594 


234.70 96.14 50 1.515 0.52 ± 0.08 0.21 ± 0.03 
80.38 40.03 15 0.895 0.37 ±0.10 0.19 ±0.05 3645 
73.50 29.03 15 1.157 0.52 ±0.14 0.20 ±0.05 1995 
44.28 15.52 10 1.751 0.64 ± 0.21 0.23 ± 0.08 917 
36.54 11.56 10 2.257 0.86 ± 0.30 0.27 ± 0.09 457 



TABLE 6 
Parameters of l{z) = lo{l + z)^ . 









/,)" 




Sargent et al. 1989 




[0.6,3.6] 


0.76 


0.68 ± 0.54 


Lanzetta 1991 




[0.35,2.5] 


1.2 


0.3 ±0.9 


Storrie-Lombardi et al. 1994 




[0.4.4.7] 


0.27 


1.55 ±0.45 


Stengler-Larrea et aL 1995 




[0.3,4.2] 


0.25 


1.5 ±0.39 


This Paper 




[0.25,2.59] 


0.28=- 


1.19 ± 0.56 


Prochaska et al. 2010 


2 


[3.5,4.4] 


0.0006^ 


5.2 ±1.5 


This Paper 


2 


[0.24, 2.59] 


0.17=- 


1.33 ± 0.61 


This Paper 


2 


[0.24, 4.9] 


O.SO'' 


1.83 ± 0.21 



='Zo = i*(l±^*)-T 



TABLE 7 

Redshift Density of LLSs for RPIO. 



z 


AX 


Az 


N 


(2LLS> 


l{z) 


1{X) 


Ar-LLS (h^o^ Mpc) 




0.242, 1.078 


80.38 


40.03 


15 


0.895 


0.37 ±0.10 


0.19 ±0.05 


3645 




1.078, 1.544 


73.50 


29.03 


15 


1.157 


0.52 ±0.14 


0.20 ±0.05 


1995 




1.544, 1.947 


44.28 


15.52 


10 


1.751 


0.64 ±0.21 


0.23 ±0.08 


917 




1.947,2.594 


36.54 


11.56 


10 


2.257 


0.86 ± 0.30 


0.27 ±0.09 


457 




3.500,3.663 


119.91 


31.07 


56 


3.593 


1.80 ± 0.26 


0.47 ±0.07 


94 




3.663,3.925 


109.00 


27.62 


55 


3.799 


1.99 ±0.29 


0.50 ±0.07 


77 




3.925,4.907 


71.98 


17.50 


45 


4.125 


2.57 ± 0.44 


0.63 ±0.11 


50 



